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oline  spark-ignited  engines,  to  burr,  kerosene  type  fuels  to 
power  small  generators  (0.5  to  3.0  kw).  Commercially  available 
(plus  those  in  the  developmental  stage),  reciprocating,  two- 
stroke,  four  stroke  and  rotary  engines  were  evaluated  for  thei 
conversion  potential.  Unique  combustion  systems  were  identi¬ 
fied  and  trade-off  studies  conducted  on  engine  type  ,  com¬ 
bustion  systems,  and  modification  required  to  burn  kerosene 
type  fuels,  with  special  emphasis  given  to  minimizing  life 
cycle  cost.  Recommendations  for  the  most  feasible  system  are 
given . 


Spark  Ignited  Engines 
Kerosene  Fuels 
Generators 


H  Wtwtlllin/Otiii  !««■«  Twm 


«.  OOMT1  PWM/Oma 


NationalTechnical  Information 
Service,  5285  Port  Royal  Road, 
VA  79161 


1913  0  -  3tl-S28  (8393) 


Up  tMnirtfy  CtMS  <TMv  WtpMPQ 

Unclassified 

tMCMfWy  Omm  fTHto 

Unclassified 


St.  Na.  •! 

127 


OmOMAlp  rONM  sn  <4»77) 


CONTENTS 


Page 


1 .  SUMMARY  2 

INTRODUCTION  4 

a.  SURVEY  OF  APPLICABLE  ENGINE  ~'iPES  y 

4.  SURVEY  OF  COMBUSTION  SYSTEMS  11 

5.  SYSTEM  MODIFICATION  OPTIONS  AVAILABLE  TO  BURN- 

KEROSENE  TYPE  FUELS  13 

b.  ENGINE/GENERATOR  INTERFACE  18 

7.  TRADE-OFF  S"'UDV/LIFE  CYCLE  COSTS 

8.  DATA  FORMAT  35 

:i.  CONCLUSIONS  4  b 

lU.  RECOMMENDATIONS  47 

11.  MODIFICATIONS  REQUIRED  FOR  RECOMMENDED  ENGINE  49 

IZ.  DEVELOPMENT  WORK  REQUIRED  .55 

13.  REFERENCES  5b 


APPENDIX  A  -  Chemical  Acoustic  Charge  Conditioning 

for  Low  Emission  I.C.  Engine 


APPENDIX  R  -  Evaluation  Matrix  Data  Sheets 

APPENDIX  C  -  SBIR  Phase  II  Proposal 

DISTRIBUTION  LIST 


OD 


Summary 


1  . 

An  engineering  study  is  presented  to  demonstrate  the 
technology  for  converting  small  gasoline  spark- igni ted  (SI) 
engines  to  burn  kerosene  type  fuels  to  power  small  generators 
(U.5  to  3.0  Kw) . 

The  contract  objectives  are  as  follows; 

o  To  assess,  anaiyze  and  evaluate  the  merits  of: 

a.  engine  types  (3  &  4  stroke  cycles,  rotary) 

b.  combustion  processes  for  conversion  of  small  (0.5  to 
3.0  Kw )  SI  gasoline  engines  to  operate  on  kerosene 
fuels 

o  To  devise  and  specify  conversion  modifications  required  for 
a  suitable  engine  type  and  combustion  system  resulting  from 
conclusions  of  a  trade-off  study  considering  all  issvaes 
relevant  to  conversion  of  SI  engines  to  operate  on  kerosene 
base  fuels,  emphasizing  minimum  life-cycle  costs  and 
identifying  any  development  required. 

o  To  submit  a  proposal  for  an  SBIR  Phase  II  effort,  including 
the  work,  the  schedule  and  the  estimated  costs  of  performing 
the  work  proposed. 

All  of  the  above  contract  objectives  were  attained  and  are 
documented  here. 

It  is  concluded  that  the  best  candidate  engine  for 
conversion  is  the  Briggs  &  Stratton  4-stroke  OHV  engine, 
according  to  the  results  of  the  trade-off  study. 

The  second  best  candidate  engine  for  conversion  is  a 
Tecumseh  3-stroke  engine. 

No  small  rotary  engine  met  the  technical  criteria. 

It  is  recommended  that  the  Sonex  design  for  combustion 
chamber  and  piston  rings  be  applied  to  the  best  candidate 
engine.  Three  options  are  given  for  the  starting/combustion 
system : 

A)  Starting  fluid 

B)  Fuel  vaporization  system 

C)  Direct  injection 
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It  is  recommended  that  the  U . S .  Army  evaluate  all  of  the 
aspects  of  the  above  three  options  and  specify  the  starting 
criteria  for  the  Phase  IT  effort. 


Since 
stroke  SCS 
submi t  ted 
spec i f ied , 


Sonex  has  already  demonstrated  both 
systems  with  options  A  and  B,  the 
here  is  based  on  these  options, 
additional  cost  may  be  involved. 


'I  stroke  and  4 
Phase  II  proposal 
If  option  C  is 
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Introduction 


2  . 


2 . 1  Background 

The  L' .  S .  Army  has  been  attempting  to  improve  safety  and  to 
reduce  the  logistics  burden  of  fuels  handling  by  embracing  a 
"Single  Fuel  Forward"  policy.  At  present,  and  for  the  near 
term,  that  fuel  will  be  kerosene  based,  such  as  JP8  or  DF2 ,  but 
in  the  future  could  also  include  the  lighter-end  distillates 
down  to  JP4 . 

2 . 2  Purpose 

The  U.S.  Army  has  large  numbers  of  small  eng ine-generat 
(0.5  to  3.0  Kw )  that  operate  on  gasoline.  It  is  the  purpose  of 
this  SBIR  study  to  analyze  and  evaluate  the  merits  of  conv'erting 
small  gasoline  engines  to  operate  on  kerosene  based  fuels. 

2 . 3  Scope 

Included  in  the  scope  of  this  study  is  a  review  of  spark 
ignited  engine  types  (two  stroke,  four  stroke,  and  rotary)  to 
assess,  analyze  and  evaluate  their  merits  for  conversion  to 
kerosene  based  fuels;  also  included  is  a  review  of  combustion 
systems.  The  final  results,  conclusions,  and  recommendations 
for  a  specific  design  are  based  on  a  trade-off  study  of  12 
factors,  emphasizing  minimum  life-cycle  costs. 

2 . 4  Limits  of  Investigation 

The  trade-off  study  is  limited  to  the  following  criteria 
for  engines  capable  of  powering  generators  in  the  range  0.5  to 
3.0  Kw . : 

o  Engine  procurement  cost 

o  Engine  modification  cost 

o  Engine  power  density 

o  Engine  life 

o  Engine  reliability 

o  Maintenance  costs 

o  Operating  noise  levels 

o  Fuel  Consumption 

o  Engine  lubrication 

o  Cold  starting 

o  Infrared  signature 

o  EMI/RFI 

In  arriving  at  the  conclusions  and  recommendations  of  the 
trade-off  study,  special  emphasis  is  given  to  minimizing  the 
life  cycle  cost  of  the  engine. 
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'1 . 5  Development  History 


A  1988  study  of  the  mobile  electric  power  (MEP)  requirements 
of  the  U.S.  Army  for  the  period  1990-21)15  by  the  National 
Research  Council  ( NRC )  identified  133,000  MEP  units  now  in  use, 
with  75,000  units  having  a  power  rating  of  3  Kw  and  below.  The 
majority  of  these  small  units  are  ten  or  more  years  old.  All 
these  units  are  powered  by  spark- igni ted  engines  fueled  by 
gaso 1 i ne , 

The  NRC  study  group  searched  for  power  sources  capable  of 
operating  on  "The  Single  Fuel  on  the  Battlefield" ,  adopted  by 
the  U.S.  Army  in  1980.  This  fuel  is  JP-8,  generally  regarded  as 
a  turbine  fuel,  seen  in  Table  1. 

Kerosene  fuel  properties  are  not  currently  defined  by  U.S. 
military  specifications,  but  can  broadly  be  considered  as  ail 
fuels  above  .JP-4  through  DF-A  with  the  following  characteristics 
( Goodger ,  1975): 

Property :  Temp.  Range 

Flash  point  38  -  43  C 

Distillation  end  point  280  -  300  C 

Thus,  in  Table  1,  JP-8  and  DF-A  would  qualify  as  kerosene 
fuels.  JP-4,  with  its  distillation  end  point  at  270  C  is 
considered  a  wide-cut  gasoline,  not  a  kerosene.  JP-5  (not  shown 
in  Table  1)  has  a  flash  point  of  60  C,  and  distillation  end 
point  at  288  C  and  could  be  considered  a  borderline  kerosene 
fuel.  Replacement  power  sources  for  future  mobile  generating 
equipment  must  possess  the  capability  to  operate  on  distillate 
fuels  in  the  boiling  range  of  kerosene  and  higher. 

The  NRC  study  goes  on  to  review  the  possibility  of  several 
classes  of  small  engines  of  less  than  10  Kw  to  meet  this 
requ i rement : 

o  Homogeneously  charged  SI  engines 
o  Stratified  charge  engines 
o  Rotary  engines 
o  Diesel  engines 
o  Stirling  engines 
o  Gas  turbines 

The  study  immediately  rules  out  the  latter  two  types  for  use 
in  low  power  ranges  for  a  variety  of  reasons.  The  diesel  engine 
IS  also  ruled  out  in  the  low  power  range  as  not  being 
commercially  available,  requiring  development,  and  raising 
questions  in  terms  of  PMV  (Power  per  unit  mass  per  unit  volume). 
The  first  three  families  of  SI  engines  are  specified  in  this 
contract  and  examined  in  detail  in  this  study. 


5 


Table  1 

Specifications  Of  Diesel  And  Turbine  Fuels 


NIL-T- 

MIL-T 

W-P-tOOC 

»24-L 

83133A 

Properties 

SLzA 

PF-2 

Flash  Point,  °C,  aln 

38 

52 

nrJ* 

38 

Cloud  Point,  °C,  BOX 

-51 

A 

NR 

NR 

Pour  Point.  ®C 

RpC 

Rpc 

NR 

NR 

Preexlng  Point,  ®C,  nax 

NR 

NR 

-58 

-50 

Kinematic  Viscosity  at 

40®C,  cSt 

1.1 

CO  2.4 

1.9 

CO  4.1 

NR 

NR 

Kinematic  Viscosity  at 

•20®C,  eSc,  max 

NR 

NR 

Rpc 

8.0 

Distillation,  ®C 

10  per cant  racoverad,  max 

NR 

NR 

Rpc 

205 

20  parcanc  racoverad,  max 

NR 

NR 

145 

Rpc 

50  parcanc  racoverad,  max 

Rpt 

Rpc 

190 

Rpc 

90  parcanc  racoverad,  max 

288 

338 

245 

Rpt 

End  Point,  max 

300 

370 

270 

300 

Rasldua,  vol  pareent,  max 

3 

3 

1.5 

1.5 

Sulfur,  aasa  pareent.  max 

0.25 

0.50 

0.4 

0.5 

Cu  Corrosivity 

5  hra  at  90®C.  max 

3 

5 

NR 

NR 

2  hra  at  100®C.  suuc 

HR 

HR 

11 

18 

Ash,  vt  pareant.  max 

0.01 

0.01 

NR 

NR 

Accalaratsd  Stability. 

•g/100  aL.  aax 

1.5 

1.5 

NR 

NR 

Heutrallsaclon  Nuaber, 

as  KOH/s.  aax 

0.05 

NR 

0.015 

0.015 

Partleulata  Contaalnatlon, 

ag/L.  ■» 

10 

10 

1.0 

1.0 

Cocans  Nuaber,  aln 

40 

40 

NR 

NR 

A  Sp«cl£l«d  according  to  cntlcipacod  low  aablonc  toaporaturo  at  uaa 
location. 

*  HR  No  raqulcaaanO. 

Rpv  •>  Raporsad 

SOURCE:  Hilltazy  Handbook  Noblllt/  Fuala  Uaar  Handbook, 

Nil  HOBK-114,  IC  Januac7  1984. 
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It  is  further  concluded  by  the  NRC  that  The  development 
of  a  homogeneously  charged,  spark  ignited  engine  that  burns  JP- 
8  fuel  in  the  1.5  to  10  Kw  range  appears  to  be  one  approach  for 
achieving  low-signature,  high-PMV  engines  at  reasonable  cost. 
This  engine  could  use  a  low  compression  ratio  (around  5:1)  or  new 
technology  along  with  some  charge  stratification,  such  as  the 
Sonex  system  '  . 

The  NRC  conclusion  is  based  on  test  results  of  a 
feasibility  test  conducted  by  Sonex  under  contract  to  the  Onan 
Corporation  to  demonstrate  that  it  is  possible  to  cold  start  and 
stably  operate  a  Sonex  design,  diesel  fueled,  4-stroke,  spark- 
ignited,  carburetted,  5  Kw ,  motor  generator  set  down  to  -14.4  C 
(6  F).  Besides  diesel  fuel,  JP5  was  demonstrated  successfully. 

Before  conversion,  the  engine  was  designed  to  be  fueled 
with  gasoline  and  the  motor  generator  set  was  a  normal  commercial 
product  available  on  the  open  market. 

Since  completion  of  the  NRC  study,  Sonex  has  delivered  to 
Grumman  Electronic  Systems  several  2  stroke,  high  speed  (6,300 
RPN )  ,  spark - ign 1  ted ,  carburetted,  diesel  fueled,  high-tech  motor 
generator  sets  that  start  and  run  on  diesel  fuel  under  micro¬ 
processor  control.  These  prototype  units  participated  in 
competitive  field  trials  of  the  U.S.  Army  TMAP  (Tactical  Multi 
Purpose  Automated  Platform)  all-terrain  robotic  vehicle.  While 
Grumman  did  win  the  competitive  evaluation,  further  work  on 
commercial  development  of  this  system  by  both  Sonex  and  Grumman 
has  been  sunp-nded  until  funding  is  available  from  the  U.S.  Army. 

The  principal  features  of  the  Sonex/Grumman  program  follow. 


TMAP 


SCS  Eni 


)erat  i  ona  1 


(blights 


o  Diesel  fueled  two  stroke 

o  Conventional  spark  ignited 

n  Carbure  t  ted 

o  Weight:  461 bs 

o  Continuous  power  output:  1700  watts 

o  Reliable  low  temperature  starting  on  diesel  fuel  to  5  F 
(contract  requirement,  completed  35  cold  starts  with  no 
failed  starts ) 

o  Excellent  endurance  (contract  requirement:  60  hours  at  WOT 
at  6300  RPM) 

o  Power  output  of  3.1  Hp  at  6300  RPM 
o  Fuel  consumption  similar  to  that  of  gasoline 
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'I  .  6  Contract  Ob.jectives 


The  objectives  of  this  study  are: 

1.  To  assess,  analyze  and  evaluate  the  merits  of: 

a)  Engine  types  (2,4  stroke  cycles,  rotary) 

b)  Combustion  processes  for  conversion  of  small  (0.5 
to  .1.0  Kw )  SI  gasoline  engines  to  operate  on 
kerosene  fuels. 

2.  To  devise  and  specify  conversion  modification  required 

for  a  suitable  engine  type  and  combustion  system 
resulting  from  conclusions  of  a  trade-off  study 
considering  ail  issues  relevant  to  conversion  of  SI 
engines  to  operate  on  kerosene  base  fuels,  emphasizing 
minimum  life  cycle  costs,  and  identifying  any 

development  required. 

5.  To  submit  a  proposal  for  a  SBIR  Phase  IT  effort, 
including  the  work,  the  schedule,  and  the  estimated 
costs  of  doing  the  work  proposed. 
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J  Survey  of  Applicable  Engine  Types 

3 . 1  Computer  Data  Base  Searches 

Searches  were  conducted  on  fourteen  information  retrieval 
systems  to  identify  possible  engine  types  for  this  study.  The 
most  productive  search  resulted  from  the  search  of  the  SAE 
Global  Mobility  Data  Base,  for  example:  Borman,  et  al  (1988), 
Ariga,  et  al  (1988),  Yamaoka  (1976)  and  Zucchetto,  et  al  (1989). 

The  objective  of  this  search  was  to  locate  any  new 
technologies  in  the  development  stage  to  evaluate  their  futurf^ 
potential.  The  energy  cell  and  two  stroke,  SI,  DI  diesel  (Arig.a, 
1988)  are  examples  of  this. 

It  becomes  quite  clear  from  reviewing  the  literature  that 
active  research  in  Spark  Assisted  Direct  Injected  (SADI)  diesel 
combustion  has  increased  in  the  past  few  years.  It  is  also  clear 
that  all  such  systems  reviewed  by  Enright,  et  al  (1988)  involve 
■’lassical  injection  systems.  The  system  most  applicable  to  this 
study  and  selected  tor  further  evaluation  here  is  that  of  Ariga 
1  1988  )  . 

A  small  rotary  engine  that  reached  limited  commercial  use 
IS  quite  well  documented  by  Yamaoka,  et  al  (1976)  and  is  further 
evaluated  here. 

3 . 2  Survey  of  Manufacturers 

In  addition  to  the  computer  searches  for  applicable  engine 
types  still  in  development,  manufacturers  were  contacted  to 
determine  if  any  new  developments  were?  near  at  hand.  The  SRC 
(1988)  study  cited  "’eledyne  Continental  Motors  (Mobile,  AL)  as 
developing  a  small  rotary  engine,  without  injectors  (about  2  or  3 
Kw ) .  However,  when  contacted,  the  vice  president  stated  that  all 
work  on  this  project  had  been  terminated. 

Briggs  &.  Stratton  provided  specifications  on  their  latest 
tour  stroke  cycle  overhead  valve  engine  as  well  as  a  pair  of 
engines  to  evaluate.  They  also  provided  the  latest 
specifications  on  their  3-hp  two  stroke  cycle  engine. 

Honda  of  America  was  also  contacted  and  provided 
specifications  on  their  latest  four  stroke  cycle  overhead  and 
side  valve  engines  and  generator  sets. 

Tecumseh  Products  was  contacted  and  provided  information  on 
their  two  stroke  engine. 
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Two  stroke  engine  development  appears  contined  to  mainly 
chainsaw  manufacturers  who  are  the  only  major  OEM's  producing 
such  engines  in  volume  production  (over  one  million).  No 
innovative  chainsaw  or  other  two  stroke  technology  was  uncovered. 

Very  small  two  stroke,  foreign  made,  model  aircraft  engines 
t rom  about  1.5  hp  down  are  commercially  available  but  develop 
peak  power  at  high  rpm  (approximately  10,000),  cost  several 
times  more  than  slightly  larger  commercial  two  stroke  engines  and 
present  difficulties  in  adapting  starting  systems. 

One  innovative  45  HP,  two  stroke  engine  concept  under 
development  to  the  U.S.  Navy  (but  beyond  the  power  range  of  this 
study)  is  worth  noting.  Under  development  in  the  Navy  Firepump 
program  is  a  SADT  kerosene  fuel  engine.  While  no  reports  have  yet 
been  written  on  this  development,  Sonex  has  obtained  some  useful 
information  on  its  electrical  and  direct  fuel  injection  systems. 
Roth  the  modified  spark  ignition  system  and  direct  injection 
system  appear  to  he  scalable  to  smaller  sizes,  and  have  allowed 
t\and-pull  starts  at  -29  C  {-20  F)  with  no  battery  power.  This 
innovation  w  i  i.  I  be  investigated  further. 

Represent.at  1  \  commercially  available  engine  types  further 
cvaluat.ed  in  this  study  appear  in  Section  7. 
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4 .  Survey  of  Combustion  Systems 
4 . 1  Computer  Data  Base  Searches 

Searches  were  conducted  for  new  combustion  systems  together 
with  those  for  new  engine  types.  Several  references  for  one  new 
combustion  system  for  radical  (or  intermediate  chemical  species) 
initiated  ignition  were  found  in  two  and  four  stroke  cycle 
engines.  The  earliest  and  most  illuminating  paper  is  on  TS ,  or 
Toyota-Soken ,  combustion  (Noguchi,  et  al  1979),  which  identified 
the  "no  spark'  ignition  process  in  a  carburetted  two  stroke  cycle 
engine.  It  was  experimentally  demonstrated  by  Noguchi  that  low- 
compression  ratio  (less  * han  8:1)  auto- igni t ion  conformed  to  the 
process  of  radical  initiated  reaction  identified  in  the  1930’s  by 
the  famous  Nobel  physical  chemist  N.N.  Semenov  (1958).  A  closely 
related  study  by  Allen,  et  al  (198Z)  showed  how  a  carburetted 
four  stroke  cycle  engine  could  run  on  JP5 ,  diesel  fuel  and 
gasoline  with  and  without  spark,  once  started  with  spark 
ignition.  The  engine  used  charge  stratification  and  special 
piston  designs  to  generate  and  conserve  intermediate  chemical 
species.  This  work,  originally  funded  by  the  U.S.  Office  of  Naval 
Research,  was  later  expanded  upon  and  is  now  being  commercialized 
by  Sonex  Research,  Inc.  as  the  Sonex  Combustion  System  ( SCS ) . 


Thring  (1989)  has  the  most  recent  contribution  to  radical 
ignition  Literature.  His  (and  others)  terminology  for  this 
process  is  Homogeneous  Charge  Compression  Ignition  (HCCI).  He 
confirmed  that  controlled  auto-ignition  can  be  made  to  occur  in 
a  four  stroke  cycle  engine  with  a  standard  piston  by  using  large 
amounts  of  EGR  (13%  to  33%)  and  very  high  intake  temperatures 
(greater  than  37U  C).  In  contrast,  the  work  of  Allen,  et  al 
(1983)  used  room  temperature  intake  air  and  no  EGR.  Thring  also 
found  that  HCCI  occurs  only  at  low  load  and  low  speed,  but  could 
duplicate  DI  diesel  engine  economy. 

4 . 3  Survey  of  Manufacturers 


One  Japanese  manufacturer  found  a  method  of  practical 
application  of  TS  combustion  in  a  two  stroke  SI  carburetted 
gasoline  motor  generator  set.  NICE,  or  the  Nippon  Clean  Engine 
Research  Institute  Co.,  Ltd.  produced  a  gasoline  two  stroke  cycle 
1.35  Kw ,  3600  RPM  engine  with  very  stable  combustion  and 
emissions  and  fuel  consumption  comparable  to  a  four  stroke.  The 
engine  required  a  spark  to  start  but  ran  in  part  of  its  load- 
speed  map  without  a  spark.  The  NICE  engine  used  Active  Thermo- 
Atmosphere  Combustion  ( ATAC )  as  described  by  Onishi,  et  al  (1979) 
which  relies  on  residual  active  intermediate  chemical  species  for 
ignition,  just  as  the  TS  combustion.  The  engine  is  no  longer  in 
produc lion. 
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As  mentioned  in  Section  'I,  Sonex  has  modified  a  spark 
ignited  two  stroke  cycle,  carburetted  engine  to  start  and  run  on 
fuels  ranging  from  JP4  to  DF2  diesel  for  Grumman  Electronic 
Systems’  entry  in  the  Array  TMAP  program.  Commercial  development 
of  the  1.7  Kw  motor  generator  set  evaluated  successfully  under 
field  test  for  the  TMAP  program  has  jointly  been  considered  by 
Sonex  and  Grumman  but  will  not  be  pursued  until  further  funds  are 
available  from  the  U.S.  Army. 

Sonex,  in  the  meantime,  has  investigated  the  feasibility  of 
operating  a  small  two  stroke  cycle  carburetted  engine  on  the 
combustion  process  defined  as  RI ,  or  Radical  Ignition.  RI  is 
related  to  TS  combustion  but  is  capable  of  running  under  ail 
load-speed  conditions.  RI  is  defined  more  fully  in  Appendix  A. 

The  preliminary  tests  of  a  simple  RI ,  carburetted  two 
stroke  cycle  design,  requiring  no  EGR  or  heating  of  intake  air, 
have  shown  that  stable  engine  operation  is  feasible.  Additional 
work  will  be  required  to  determine  benefits  in  power,  fuel 
consumption,  etc. 

Table  2  summarizes  combustion  systems  to  be  considered 
further  in  this  study. 


Table  2 


Available  SI  Combustion  Systems 


Type 


No.  of  Cycles 


Sources 


Homogeneous  Carburetted 
Homogeneovis  Carburetted 
Homogeneous  Carburetted 
Stratified  Carburetted 
Stratified  Fuel  Injected 


2  Briggs,  Techumseh* 

4  Briggs,  Honda* 

2  Husqvarna/SCS 

4  Honda/SCS 

2  AED  (Navy  Fi repump) 


*  Pius  others 


12 


System  Modification  Options  Available  to  Burn  Kerosene  Type 
Fuels 


0  . 


In  order  to  convert  a  spark  ignited  (SI)  engine  designed 
for  gasoline  operations  to  kerosene  fuel,  many  engine  components 
must  be  modified  or  replaced.  These  are  listed  below  and 
followed  by  a  detailed  description  of  the  major  modifications 
required,  depending  on  the  option  chosen  for  system  modification, 
that  is,  whether  conventional  means  are  employed  or  newer 
evolving  technology  such  as  the  Sonex  Combustion  System  { SCS ) . 

Breaking  out  the  combustion  system  as  a  separate  option  did 
not  prove  feasible  in  this  study  as  only  homogeneous  charge 
engines  are  commercially  available.  The  stratified  charge,  spark 
assisted  di rec t- i n jected  (SADI)  engine  reported  by  Ariga  (1988) 
apparently  has  not  gone  beyond  the  research  stage.  Insufficient 
information  is  available  to  consider  it  further  in  this  report. 
However,  another  SADI  system  fueled  by  JP5  by  AED  for  the  Navy 
Firepump  is  evaluated  further. 

The  SCS  engines  evaluated  below  can  be  either  homogeneous 
charge  or  stratified  charge  depending  on  design  requirements. 
Charge  stratification  is  achieved  by  a  unique  manifold  technique. 
Both  4-stroke  and  ^-stroke  SCS  engines  have  been  demonstrated 
starting  and  running  on  diesel  fuel.  The  2-stroke  version  has 
successfully  passed  a  one  year  field  test  in  the  TMAP  program. 

Each  of  the  following  engine  components  to  be  changed  for 
kerosene  type  fuels  are  addressed  below: 

a.  Combustion  chamber  geometry 

b.  Lubrication  system 

c.  Ignition  system 

d.  Fuel  delivery  system 

5 . 1  Combustion  chamber  design 

5.1.1  Conventional  Approach 

The  combustion  chamber  volume  must  be  increased  in  such  a 
way  as  to  decrease  the  compression  ratio  to  a  point  where  auto¬ 
ignition  ceases  to  be  a  problem  at  rated  power.  This  must  be 
accomplished  without  significantly  changing  the  squish  and  swirl 
patterns  in  the  combustion  chamber  or  creating  stagnation  areas 
that  will  cause  hot  spots  due  to  loss  of  internal  cooling. 

The  simplest  solution  to  this  problem  is  the  use  of  multiple 
head  gaskets  to  decrease  the  compression  ratio  ( CR ) .  This  quick 
fix  IS  limited  in  that  it  will  only  reduce  the  CR  by  1  or  2 
numbers  before  the  probability  of  head  gasket  failure  increases. 
The  negative  side  of  using  additional  head  gaskets  to  decrease 
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the  compression  ratio  is  that  squish  velocity  will  be  reduced, 
which  can  affect  the  combustion  p.rocess. 

A  second  conventional  method  of  reducing  compression  ratio 
is  to  remove  material  from  the  combustion  chamber  in  the  cylinder 
head.  This  method  has  the  advantage  of  selectively  adding 
combustion  chamber  volume  and  the  disadvantage  of  changing  design 
squish  and  swirl,  which  again  can  affect  the  combustion  process. 
Low  compression  cylinder  heads  may  be  purchased  new  from  the  OEM 
or  modified  from  original  engine  components.  If  these  heads  are 
modified  (material  removed  from  the  stock  head),  then  care  must 
be  taken  to  maintain  the  integrity  and  heat  transfer 
characteristics  of  the  metal. 

A  third  conventional  method  would  be  to  remove  metal  from 
the  piston.  Material  may  be  shaved  from  flat  areas  on  top  of  a 
piston  like  the  candidate  Honda  design,  thereby  increasing 
combustion  chamber  volume  but  having  the  negatives  of  changing 
internal  heat  flows  and  perhaps  weakening  and/or  over-heating  the 
piston  crown.  If  the  piston  has  a  bowl  in  the  crown  like  the 
Briggs  &  Stratton  QT-4,  then  the  required  material  may  be  removed 
from  the  flat  crown  or  howl  of  the  piston.  This  also  will  change 
the  internal  heat  flows  but  should  not  weaken  the  piston 
substantially.  For  production,  a  new  piston  design  could  be 
requ i red . 

5  .  1  .  iJ  New  Technology:  The  Sonex  Combustion  System 

The  ideal  method  of  reducing  compression  ratio  by 
increasing  combustion  chamber  volume  is  one  that  theoretically 
will  maintain  the  combustion  chamber  geometry.  Until  recently, 
this  has  been  considered  impossible  and  the  use  of  one  or  a 
combination  of  the  above  methods  was  the  only  alternative. 
However,  Sonex  Research,  Inc.  of  Annapolis,  Maryland,  has  a  new 
patented  technique,  using  internal  chambers  in  the  piston  that 
will  reduce  compression  ratio  without  changing  combustion 
chamber  geometry.  Also,  depending  on  whether  Z-stroke  or  4- 
stroke  technology  is  used,  additional  combustion  benefits  are 
derived  as  described  in  Appendix  A. 

5  .  'L  Lubrication  system 

5.2.1  Conventional  Approach 

The  4-stroke  eycle  SI  engine,  unlike  the  i^-stroke,  has  a 
unique  lubrication  problem  when  operating  on  kerosene  based 
fuels.  This  problem  is  called  crankcase  oil  dilution’  and  is 
caused  by  high  boiling  point  fuels  condensing  on  the  cylinder 
wail  and  the  combustion  chamber. 
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When  operating  on  gasoline,  the  fuel  for  the  original  engine 
design,  the  problems  associated  with  oil  dilution  are  minimal 
since  gasoline  has  a  relatively  low  boiling  point  at  1  atmosphere 
(iJlo  F).  Due  to  this  low  boiling  point,  gasoline  will  condense 
on  the  cylinder  walls  only  when  the  walls  are  below  this 
temperature,  i.e.,  cold  engine  start-up.  Any  liquid  gasoline  on 
the  cylinder  walls  during  cold  start  may  pass  through  the  piston 
rings  and  mix  with  the  oil  in  the  crankcase.  However,  it  is 
quickly  vaporized  and  returned  to  the  combustion  chamber  through 
the  crankcase  breather  system,  thus  causing  no  problem. 

Kerosene  fuel  on  the  other  hand  has  a  relatively  high 
boiling  point  (approximately  492  F)  and  a  significant  amount  of 
fuel  will  condense  on  the  cylinder  walls  even  under  normal  engine 
operating  temperatures.  This  liquid  kerosene  will  pass  through 
the  rings  since  conventional  piston  rings  are  designed  to  seal 
only  under  high  pressure  (the  combustion  stroke).  The  intake 
stroke,  having  insufficient  pressure  for  ring  sealing,  will  not 
prevent  the  liquid  on  the  cylinder  walls  from  passing  and 
entering  the  crankcase.  As  the  liquid  accumulates  it  cannot  boil 
off  due  to  its  high  vaporization  temperature  and,  therefore, 
continues  to  accumulate  and  dilute  the  crankcase  oil. 

This  creates  two  major  problems.  One  is  that  the  diluted 
oil  breaks  down  and  causes  bearing  and  cylinder  wall  failure  due 
to  loss  of  lubrication.  The  other  is  that  crankcase  liquid 
volume  increases  to  a  point  above  the  normal  level  where 
reciprocating  parts  come  into  direct  contact  with  liquid,  causing 
excessive  hydrau 1 ic/mechanicai  forces  that  will  lead  to  material 
fai lure . 

A  second  lubrication  system  problem  became  apparent  when 
studying  the  2-stroke  engine  for  direct  fuel  injection 
conversion.  In  a  conventional  2-stroke,  the  fuel/oil  mix  passes 
from  the  carburettor  through  the  crankcase  and  into  the 
combustion  chamber,  before  igniting.  The  crankcase/cylinder 
walls  and  bearing  surfaces  receive  their  lubrication  as  the 
fuel/oil  mix  bathes  them  with  a  mist.  If  this  path  is 
shortcircuited ,  as  it  would  be  with  direct  fuel  injection,  an 
alternate  crankcase  lubrication  system  would  be  required.  This 
system  could  be  as  simple  as  a  crankcase  mister  or  as  complex  as 
a  direct  oil  spray  onto  the  walls  and  bearings. 

5.2.2  New  Technology:  The  Sonex  Combustion  System 

In  the  late  1980’s,  Sonex  Research  encountered  this  problem 
of  crankcase  lube  oil  dilution  while  operating  a  4-stroke  single 
cylinder  air  cooled  Honda  SI  engine  on  kerosene  fuel.  To  solve 
this  problem  Sonex  developed  a  gapless  ring  and  gapless  ring 
expander  that  does  not  require  high  pressure  for  sealing.  This 
ring,  installed  in  the  above  4-stroke  engine  and  operating  on 
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kerosene  fuel,  compieted  endurance  testing  with  no  measurable 
crankcase  oil  dilution. 

5 . 3  Ignition  System 

5.3.1  Conventional  Approach 

Two  basic  changes  are  required  in  the  ignition  system  when 
converting  from  gasoline  fuel  to  kerosene  fuel  operations. 
First  is  a  retarding  of  the  ignition  timing  of  from  3  to  (5  crank 
angle  degrees  from  normal  timing.  This  change  in  ignition  timing 
is  required  since  kerosene  type  fuels  can  have  a  much  faster  rate 
of  heat  release  (ROHR)  than  gasoline  fuels  under  abnormal 
conditions  of  ignition.  This  faster  ROHR  moves  the  peak  pressure 
spike  (P-Max)  closer  to  and  possibly  before  top  dead  center 
( TDC ) ,  resulting  in  an  early  and  excessive  impulse  that  will  have 
a  large  negative  work  component.  This  premature  pressure  spike 
is  commonly  called  "Spark  Knock",  "knock",  or  detonation.  A  3  to 
H  degree  retard  in  ignition  timing  will  correct  this  if  the 
compression  ratio  is  also  lowered  and  can  be  accomplished  by 
closing  the  point  gap  setting  by  .005"  -  .010"  in  a  breaker  point 
type  ignition  or  by  moving  the  timing  trigger  3  to  6  degrees 
towards  retard  in  an  electronic  ignition  system. 

The  second  ignition  modification  requirement  is  more 
difficult  and  expensive.  A  hotter,  long  duration  spark  is 
required  for  starting  and  low  rpm  operations  when  the  engine  is 
cold.  The  spark  needs  to  be  intense  enough  to  vaporize  the  fuel 
droplets  around  the  spark  plug  at  cranking  speeds  and  at  low 
speed-load  points  ivhere  combustion  temperatures  are  insufficient 
to  maintain  proper  vaporization  of  the  fuel.  This  system  may  not 
be  available  from  the  engine  manufacturer,  but  it  is  relatively 
easy  and  inexpensive  to  purchase  elsewhere. 

Another  possible  ignition  system  requirement  for  kerosene 
fuel  operation  would  be  a  spark  plug  heat  range  change.  A 
hotter  spark  plug  may  be  in  order  for  start-up  and  low  power 
operation  where  lack  of  fuel  vaporization  may  wash  or  foul  the 
spark  plug  electrode.  On  the  other  hand,  a  cooler  tip  plug 
maybe  required  for  high  power  operations  where  excessive 
combustion  temperatures  may  overheat  the  electrode,  causing  it  to 
act  like  a  glow  plug  and  resulting  in  auto- igni tion .  Since  each 
engine  has  its  own  requirement,  a  compromise  spark  plug  may  be 
requ i red . 

5.3.3  New  Technology:  The  Sonex  Combustion  System 

Experimental  results  are  available  for  both  3  stroke  and  4 
stroke  SCS  engines  operating  on  kerosene  fuels  demonstrating  the 
ability  of  the  SCS  to  operate  with  less  or  no  knock,  therefore, 
requiring  Less  retard  of  ignition  timing  (and  reduction  of 
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compression  ratio)  and  greater  power  output.  The  SCS  is  also 
less  sensitive  to  spark  plug  heat  range. 

5 . 4  Fuel  Delivery  System 

Perhaps  the  biggest  challenge  in  this  type  of  conversion  is 
the  fuel  delivery  system.  Modifications  to  this  type  of  system 
can  be  as  simple  as  replacing  the  carburetor  fuel  .jet  to  allow 
for  increased  volume  of  kerosene  required  for  kerosene  fuel 
operations  (1.02  times  the  volume  of  gasoline  for  the  same 
heating  value),  or  as  complex  and  expensive  as  adding  direct  fuel 
in.jection  into  the  combustion  chamber. 

The  key  here  is  starting  aid  specifications.  If  the 
specifications  allow  for  starting  on  gasoline  or  a  small  amount 
of  starting  fluid,  then  only  minor,  inexpensiv^e  modifications  to 
the  fuel  delivery  system  would  be  required.  Howev^er,  if  the 
requirement  specified  onl.v  kerosene  fuel  for  starting,  then  a 
carburetted  fuel  vaporization  technique,  such  as  the  2  and  4 
stroke  engines  developed  by  Sonex  Research  would  be  satisfactor.v . 
This  system  uses  a  battery  powered  fuel  vaporizer  for  starting 
and  warmup  and  is  switched  off  under  normal  operating 
conditions.  If  the  specifications  also  prohibit  the  use  of  a 
battery  and  have  a  requirement  for  manual  start,  then  the 
combination  of  direct  fuel  in.jection  and  hot  spark  is  required. 
This  type  of  s.vstem  is  being  developed  by  AED  for  the  Navy  for 
use  on  its  45hp,  2-stroke,  emergency  Firepump  engine. 

Once  the  engine  is  started  and  is  near  operating 
temperature,  fuel  heating  techniques  can  be  used.  Fuel  heating 
is  simpl.v  the  use  of  engine  exhaust  heat  to  bring  the  kerosene 
based  fuel  closer  to  its  vaporization  temperature.  This  allows 
the  fuel  to  vaporize  faster  in  the  combustion  chamber  resulting 
in  smoother,  more  efficient  engine  performance.  Fuel  heating 
can  be  accomplished  b.v  using  a  hot  engine  surface,  such  as  the 
exhaust  pipe,  to  heat  the  fuel  in  the  fuel  line  prior  to  its 
entering  the  fuel  delivery  system.  Another  method  of  heating 
the  fuel  is  by  using  exhaust  gas  recirculation  ( EGR )  to  add  heat 
to  the  incoming  air  at  the  fuel  delivery  s.vstem  or  combustion 
chamber.  The  problem  with  these  methods  is  that  they  are  not 
available  when  the.v  are  needed  most,  at  engine  start-up. 
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Engine/Generator  Interface 


D  . 


Since  generator  power  output  is  unspeciried  as  to  AC  or  DC 
voltage  and  hertz  requirements  in  the  present  contract,  both  AC 
and  DC  generators  will  reviewed  for  merit  and  shortfalls  in  the 
proposed  engine  conversion.  This  section  will  cover: 

o  Engine  -  generator  RPM  requirements 

o  Engine  -  generator  transmissions 

o  Inverters 

K . 1  Engine  Generator  RPM  Requirements. 

6.1.1  Alternating  Current 

Assuming  a  1:1  engine  to  generator  coupling  ratio  (generator 
turning  the  same  speed  as  the  engine),  AC  power  has  its 
limitations  in  that  very  few  engine  rpms  are  available  to  produce 
60  hertz  power.  The  choices  are  even  further  limited  by  the 
scope  of  this  report  to  1800  rpm  or  36CU  rpiii  fur  simple, 
inexpensive  power  generation. 

Of  the  two  speeds,  1800  is  marginally  acceptable  for  4- 
stroke  SI  operations  and  totally  unacceptable  for  Z-stroke  and 
rotary  engines  due  to  engine  efficiencies.  On  the  other  hand 
3600  rpm  fits  nicely  into  the  4-stroke  engine  maximum  efficiency 
region,  but  is  marginally  acceptable  for  the  Z-stroke  and  rotary 
drives  where  preferred  rpms  are  around  5000. 

A  second  problem  with  AC  power  generation  is  the  requirement 
for  stable  phase  (low  ripple)  power.  This  can  best  be 
accomplished  by  having  the  drive  engine  operate  at  exactly  the 
desired  rpm  with  very  little  rpm  fluctuation.  Needless  to  say 
this  is  difficult  and  will  require  a  sophisticated  and  somewhat 
expensive  engine  governor  to  accomplish  this  objective. 

6 . 1 . Z  Direct  Current 

DC  power  generation  is  much  cheaper  and  simpler  to  produce 
since  there  are  no  rpm  restrictions  put  on  the  generator.  With 
the  phase  requirement  lifted,  the  candidate  engine  can  be 
operated  at  or  near  an  rpm  providing  maximum  efficiency  with  no 
output  voltage  quality  losses. 

As  noted  in  the  N'RC  study  speeds  above  6000  rpm  could  be 
used  with  the  advantage  of  more  compact  generators.  This 
solution  was  used  by  Sonex  in  its  Grumman  TMAP  program.  Note 
that  from  the  engine  generator  viewpoint,  a  requirement  for  DC 
power  would  be  much  preferred  over  AC  power  generation. 
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6.2  Engine/Generator  Transmissions 


The  preferred  solution  to  the  rpm  related  AC  power 
generation  problem  is  to  couple  the  engine  to  the  generator 
through  a  transmission  drive.  A  transmission  will  enable  the 
engine  to  operate  at  design  rpms  while  the  generator  can  be 
geared  down  to  its  required  rpm.  A  pulley  and  drive  belt 
transmission  is  much  preferred  for  this  application  over  the 
geared  and/or  hydraulic  transmissions  for  its  simplicity,  low 
cost,  and  light  weight. 

A  major  disadvantage  to  using  transmission  drives  in  motor 
generator  sets  is  the  reduction  in  generator  efficiencies  due  to 
mechanical  losses.  However,  the  pulley/belt  drive  transmission 
has  the  least  losses  of  the  mechanical/hydraulic  systems  studied. 

6 . 3  Inverters 

An  alternate  method  of  operating  an  engine  at  optimum  rpm 
and  still  having  stable  AC  power  is  to  generate  DC  power  and  run 
it  through  an  inverter  for  clean  phased  AC.  This  method  of  power 
generation  has  the  advantage  of  low  ripple  AC  povv’er  and  the 
disadvantage  of  Low  efficiencies  and  high  cost  and  weight  ratios. 
For  example,  a  kl  Kw  BALMAR  inverter  lists  for  $1,1200  and  weighs 
30  pounds.  This  would  approximately  double  the  cost  and  weight 
of  the  motor  generator  set. 


Trade-ot'f  Study/Lit'e  Cycle  Costs 


7  . 


In  order  to  determine  which  type  engine,  2-stroke,  4- 
stroke,  rotary,  etc.,  is  the  best  candidate  for  conversion  from 
gasoline  to  kerosene  fuel  operation,  a  number  of  issues  need  be 
considered  and  a  trade-off  study  performed.  Of  prime  importance 
in  this  study  are  the  issues  relating  to: 

o  Engine  type 

o  Combustion  process 

o  Modification  required 

o  Engine  procurement  cost 

o  Engine  modification  cost 

o  Engine  power  density 

o  Engine  life  cycle 

o  ^ngine  reliability 

o  Maintenance  costs 

o  Operating  noise  levels 

o  Fuel  consumption 

o  Engine  lubrication 

o  Cold  starting 

o  Infrared  signature  (IR) 

o  EMI/RFI 


A  two  part  matrix  was  developed  for  the  evaluation  and 
selection  of  the  candidate  engine.  Part  I,  The  Pre-evaluation 
Matrix,  evaluates  engines  for  their  technical  and  commercial 
feasibility  of  conversion.  Those  engines  .judged  to  be  both 
technically  and  commercially  feasible  continue  on  to  Part  II  of 
the  matrix,  The  Evaluation  Criteria.  The  following  is  a  detailed 
description  of  both  parts  of  the  matrix. 

7 . 1  Pre-evaluation  Matrix 

7.1.1  Candidate  Engine 

The  Pre-evaluation  Matrix  begins  with  the  identity  of  the 
candidate  engine  (manufacturer,  model  number  and  rated 
horsepower ) . 


Candidate  Engine 
Manufacturer 

I 

Model  number  j 
Rated  horsepower  i 
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7 . 1 . Z  Engine  Type 

Next  the  matrix  separates  the  candidate  engines  into 
specific  types; 

o  The  Z-stroke  cycle,  reciprocating  engine  having  a  high 
power  density  and  a  power  stroke  each  crankshaft 
revolution . 

o  The  4-stroke  cycle,  reciprocating  engine  which  is  a 
heavier,  more  expensive  engine  have  a  power  stroke 
every  second  crankshaft  revolution. 

o  The  rotary  engine,  having  the  intake,  compression, 
power  and  exhaust  events  in  a  rotational  360  degree 
movement  (versus  reciprocating). 

o  Other  -  engines  not  failing  into  the  above  categories. 

_ _ _jk _ _ 

Engine  Type  , 

Z-stroke  reciprocating  | 

4-stroke  reciprocating 
rotary 
other 

7  .  Z  Combust  ion  Process 


The  combustion  process  or  type  of  burn  is  determined  by  the 
charge  concentration  in  the  combustion  chamber.  Here,  the 
choices  are: 


o  Homogeneous  charge,  in  which  the  concentration  of  air 
fuel  mix  is  uniform  and  burns  rapidly  and  with  high 
intensity. 

o  Stratified  charge,  in  which  the  charge  concentration  is 
layered  or  non-uniform.  Stratified  charge  combustion 
is  slower  and  softer  and  is  usually  associated  with 
Lean  burn  engines  or  direct  injected  engines. 

I _ _ 

Combustion  Process 

Homogeneous  Charge 
Stratified  Charge 

■  I 
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7  .  3  Ignition  Process 


The  ignition  process  is  _ categor i zed  by  the  method  of 
triggering  the  combustion  event.  The  choices  are: 

o  Spark  Ignited  (SI)  engine,  where  a  magneto  or  battery 
powered  ignition  system  is  used  to  generate  a  spark 
that  initiates  combustion. 

o  Compression  Ignition  (Cl),  or  diesel  that  uses  the 
heat  of  compression  to  ignite  air  fuel  mix. 

o  Radical  Ignition  (RI),  that  uses  active  radicals  from 
the  prior  combustion  event  in  combination  with  SI 
and/or  Cl  to  initiate  reaction.  The  advantage  of  the 
RI  process  is  that  it  reduces  the  energy  threshold 
required  for  ignition,  thereby  producing  a  more 
dependable  ignition  and  stable  combustion. 

_ --  V - 

Ignition  Process 

Spark  Ignition 
Compression  Ignition 
j  Radical  Ignition 

7  .  4  System  Mod  i  t  i  ca  t,  i  ons 

The  heart  of  the  Pre-evaluation  Matrix  is  the  section  on 
System  Modification  options  available  to  burn  kerosene  type  fuel 
in  existing  SI  engines.  These  modifications  are  divided  into 
four  categories: 

o  Combustion  Chamber  Geometry 

o  Lubrication  System 

o  Ignition  Sj'stem 

o  Fuel  Del ivery  System 

Each  of  these  four  categories  is  addressed  in  detail  in 
Section  5.  , 


System  Modifications 

Combustion  Chamber  Geometry 
Lubrication  System 
Ignition  System 
Fuel  delivery  System 


•I'l 


I  .  o  Feasibility  Study 


The  above  criteria  are  used  to  determine  if  the  engine 
modifications  required  are  both  technically  and  commercially 
teas i ble . 

o  Technical  Feasibility  is  defined  as  the  capability  of 
the  off-the-shelf  engine  to  undergo  the  modifications 
required  to  successfully  convert  it  to  kerosene  fuel 
operat i on . 

o  Commercial  Feasibility  at  this  point  involves  an 
approximation  of  the  costs  required  for  modification. 
This  means  that  one  looks  at  only  the  use  of 
commercially  available  off-the-shelf  components  or 
simple  t ixes  to  complete  the  modifications  required 
versus  the  requirement  for  expensive  and  time  consuming 
fabrication  of  needed  hardware.  On  this  basis, 

detailed  cost  analysis  is  performed  for  the  Evaluation 
Criteria  matrix.  Note  that  a  candidate  engine  may  be 
technically  capable  of  undergoing  modification,  but  at 
a  cost.  that  woulii  prohibit  it  from  ever  being  a 
commercial  success.  Candidate  engines  failing  either  or 
tioth  the  technical  and  commercial  feasibility  tests  are 
Immediately  rejected  and  are  not  considered  for  further 
study.  Engines  that  pass  both  tests  continue  to  the 
second  matrix,  the  Evaluat.ion  Criteria. 


Feasibility  Study 

i 

o  Technical 

f eas i b i J i ty 

^ - - NO 

YES 

'1 

i  o  Commercial 

t  eas 1 b 1 1 1 ty 

'  -  -  NO 

YES  -j 

Candidate  Engine 
rejected 


Candidate  Engine 
accepted  for  Evaluation 
Criteria  matrix 


7  .  H  Evaluation  Criteria  Matrix 

Once  the  subject  engine  successfully  completes  the  Pre- 
Evaluation  matrix  it  becomes  a  candidate  for  the  second  half  of 
the  study,  the  Evaluation  Criteria  matrix.  This  mat.rix  uses  cost 
as  its  primary  consideration  and  engine  performance  as  its 
secondary  consideration.  Costs  are  divided  into  two  major 
categories;  initial  costs  in  dollars  per  kilowatt  power  produced 


($/Kw)  and  operating  costs  in  dollars  per  kilowatt  hour  ( $/Kw- 
hr).  Once  these  costs  are  calculated,  life  cycle  costs  can  be 
evaluated . 


Initial  cost  represents  the  sum  of  the  costs  required  to 
prepare  the  engine  for  its  mission  and  is  expressed  in  dollars 
per  kilowatt.  Three  components  affect  the  initial  cost: 


o  Procurement  costs 

o  Modification  costs 

o  Engine  life  (spares) 


7.7.1  ProcMirement  cost 


For  purposes  of  this  comparative  study,  the  procurement  cost 
is  taken  as  the  off-the-shelf  list  price  of  the  unmodified  engine 
with  increases  due  to  power  limits  factored  in.  N'ote  that  list, 
fir  ice  will  he  discounted  when  buying  in  I'olume,  but  this  discount 
IS  not  addressed  in  this  study. 

In  order  to  state  procurement  cost  in  dollars  per  power 
output  ($/Kw),  several  factors  must  be  applied.  First,  one  must 
find  the  power  output  of  the  engine  at  the  rpm  required  for  the 
generator-engine  interface.  This  rpm  and  reasons  for  its 
selection  will  be  discussed  in  the  generator  section  of  this 
report.  ilext,  the  rated  power  at  the  selected  rpm  will  be 
corrected  for  the  change  in  fuel  and  engine  geometry.  A  15%  to 
25%  power  loss  is  normal  for  this  conversion  using  conventional 
technology  due  to  reduced  compression  ratio  and  thermal  loading 
requirements.  A  25%  power  reduction  correction  factor  will  be 
used  in  this  study,  although  for  SC.S  systems  this  factor  would  be 
lower. 


Finally,  a  correction  factor  for  horsepower- in  to  kilowatts- 
out  of  the  generator  will  be  applied.  This  factor  will  assume 
the  efficiencies  of  off-the-shelf,  inexpensive  generators  and 
will  not  consider  the  state  of  the  art  high-tech  generators 
because  of  their  prohibitive  costs.  Accepted  industry  practice 
uses  a  factor  of  2:\  ( Zhp  in,  to  1  kw  out),  for  this  conversion. 

7.7.Z  Modification  Cost 


Modification  cost  ($/Kw),  are  divided  into  two  basic 
categories.  First,  the  actual  cost  of  converting  the  engine  to 
kerosene  fuel  operation;  and  second,  the  expense  of  the 
generator  and  its  interface. 
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o 


Engine  conversion  costs.  An  approximate  yet  fairly 
accurate  method  of  determining  modification  costs, 
including  both  the  parts  and  Labor  to  modify  and 
install  the  part,  is  to  break  down  each  system  into 
possible  modifications  required  and  estimate  cost  as  a 
percentage  of  the  unmodified  engine's  list  price.  The 
categories  and  sub-categories  used  are  taken  directly 
from  the  engine  modification  section  of  this  report. 

o  Combustion  Chamber  Geometry. 


Modification 

Percent  cost 

a . 

Head  gasket 

10% 

b  . 

OEM  head/Mach ined  head 

20% 

c; . 

Modification  to  piston 

2  5% 

o  I^ubrication  System  -  Ring  Modification 

a.  L;-stroke  0 

b.  4-stroke  25% 

c .  Rotary  0 


o  IgniLion  System 

a.  Timing  retard  10% 

b.  Hot  spark  &  plug  25% 

o  Fuel  Delivery  System 

a.  Replace  carburetor  air/fuel  jets  5% 

b.  Electric  fuel  vaporizer  system  25% 

c.  Direct  injection  100% 


o  Generator  procurement.  Generators  will  be  of  the  off- 
the-shelf,  inexpensive  variety,  differing  primarily  in 
size,  due  to  the  power  output  of  the  engine.  It  is 
es  t i mated  that  a  gene  rator  with  a  simple  interface 
consisting  of  frame,  coupling  and  minimal  electronics 
will  cost  about  the  same  as  the  list  price  of  the 
engine.  Therefore,  a  single  generator  procurement 
cost  factor  of  1:1  will  be  used. 

a.  Generator  cost  100% 


Using  this  method,  conversion  costs  can  be  as  little  as  125% 
for  engines  using  starting  fluids,  to  over  275%  for  manual  start 
engines  using  kerosene  fuel  only  systems.  These  percentages 
include  the  cost  of  the  generator. 


7.7.0  Engine  Life 

Expected  engine  life  is  included  in  this  study  for  its 
influence  on  spare  engines  required  in  the  inventory  (additional 
$/Kw),  Obtaining  factual  info’^mation  on  engine  life  is  difficult 
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due  to  variations  in  engine  specifications,  usage  and 
environmental  conditions,  and  can  be  accomplished  best  through 
field  testing.  However,  the  latest  state  of  the  art,  small  4- 
stroke  engines  are  designed  for  a  15U0  hour  engine  life  on  design 
fuel  with  only  a  Z07o  failure  rate.  These  engines  are  close 
toierance  engines  with  a  premium  price  tag.  A  normal,  high 
volume,  inexpensive  4-stroke  engine  of  the  size  proposed  will 
have  an  average  engine  life  of  approximately  1000  hours  and  2- 
stroke  and  rotary  engines  approximately  00%  of  that.  These 
figures  will  change  with  engine  size,  operating  rpm ,  brake  mean 
effective  pressure  ( BMEP )  loading,  lubrication  and  temperature, 
but  the  ratio  of  engine  life  between  engine  types  should  remain 
the  same. 


The  effect  of  burning  kerosene  fuel  in  an  engine  designed 
for  gasoline  may  also  have  an  effect  on  engine  life.  Howev^er, 
if  the  converted  engine  is  operating  at  the  proper  temperature 
with  BMEP  that  is  out  of  the  knock  region  and  with  proper 
lubrication,  there  is  no  reason  to  believe  that  engine  life  will 
be  adversely  affected.  One  must  remember  that  kerosene  is  a 
better  Lubricant  than  gasoline  and  that  engine  life  depends  on 
internal  pressures  and  temperatures  and  on  proper  lubrication. 


In  summary,  the  purpose  of  this  study  is  to  select  the  best 
engine  candidate  for  conversion  based  on  minimum  life-cycle  costs 
and  all  of  the  factors  of  the  trade-off  study.  Since  engine 
spare  requirements  are  yet  to  be  determined,  only  normalized 
estimates  of  engine  life  can  be  used.  Making  the  assumption  that 
engine  life  will  be  unaffected  by  kerosene  fuel  operations  and 
that  both  the  2-stroke  and  rotary  engine  life  will  be 
approximately  60%  of  the  4-stroke  engine  life,  an  additional 
initial  cost  factor  of  67%  [(10/6  -  1)  x  lOOJ,  will  be  placed  on 
the  procurement  and  modification  cost  (engine  only)  of  these 
engines  for  spares. 

~ . 8  Operating  Cost  (S/Kw-hr) 


Operating  cost  effectively  introduces 
equation.  Initial  cost  was  expressed  in  S/Kw; 
is  expressed  in  S/Kw-hr,  and  is  another  way 
cost  this  much  money  to  operate  a  specified 
amount  of  time.  Subcategories  of  operating  cos 


time  into  the 
now  operating  cost 
of  saying  it  v.fill 
engine  for  a  given 
ts  are : 


o  Maintenance 

o  Fuel 

o  Special  fluids 

o  Special  equipment 
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7.8.1  Maintenance  expense 


This  is  another  expense  that  will  require  field  testing  to 
determine  accurately.  An  approximation  vjiii  be  presented  here. 

Maintenance  is  divided  into  two  categories,  scheduled  and 
unscheduled.  Scheduled  maintenance  is  performed  at  a  specified 
time  interval  and  is  preventive  in  nature.  Here,  lubricants, 
filters,  spark  plugs,  etc.,  are  checked  periodically  in  an 
attempt  to  prevent  failure  during  operation.  Unscheduled 
maintenance  is  that  which  is  required  to  correct  a  malfunction 
that  occurred  unexpectedly.  Of  the  two,  scheduled  maintenance 
expense  can  be  accurately  predicted  and  will  normally  run  about 
1^.5%  of  the  new  engine  procurement  cost  per  lUO  hours  of 
operation.  Unscheduled  maintenance,  on  the  other  hand,  can  run 
from  zero  to  full  replacement  cost  and  needs  to  be  statistically 
determined  during  field  testing.  A  best  estimate  of  IZ.5%  of  new 
engine  cost  per  100  hours  will  also  be  used  for  this  expense, 
bringing  total  maintenance  cost  to  Z5%  of  the  new  engine 
procurement  cost  per  100  hours  of  operation. 

7 . 8  .  il  Fue  1 

Fuel  cost  ($/Kw-hr)  can  be  calculated  from  the  candidate 
engine’s  Brake  Specific  Fuel  Consumption  (BSFC).  Typical  figures 
for  various  gasoline  engine  BSFC  are  in  pounds  fuel  per 
horsepower  hour  (#/hp-hr)  and  are  as  follows: 

o  4-stroke  =  .5  ^f/hp-hr 

o  2-stroke  =  .65  #/hp-hr 

o  Rotary  =  .75  #/hp-hr 

These  figures  are  for  gasoline  fuel  and  will  change 
slightly  with  kerosene,  but  once  again  it  is  the  ratios  that  are 
important  (i.e,  a  4-stroke  engine  at  equal  power  will  consume 
approximately  77%  (.5/. 65)  of  the  fuel  of  a  2  stroke  and  a 
rotary  engine  will  consume  115%  of  that  fuel). 

In  order  to  go  from  4/hp-hr  kerosene  to  $/Kw-hr  generator 
output  the  conversion  factor  of  2:1  (2  horsepower  into  the 
generator  for  each  kilowatt  of  power  out)  must  be  applied. 
Therefore,  for  each  Kw  output  of  a  4-stroke  motor-generator  set 
operating  at  a  BSFC  of  .5  #/hp-hr,  one  pound  of  fuel  must  be 
supplied.  ( .5  #/hp-hr)  (2hp/Kw)  =  1  #/Kw-hr. 

Note  that  the  density  of  gasoline  and  kerosene  are  within 
10%  of  each  other  (6.18  #/gai  gasoline,  6.83  #/gai  kerosene),  and 
the  heating  values  of  the  two  fuels  are  even  closer.  Therefore, 
the  assumption  will  be  made  that  operating  fuel  costs  for 
kerosene  will  be  approximately  the  same  as  gasoline  assuming  both 
fuels  are  equally  priced. 


In  summary,  assuming  kerosene  fuel  priced  at  S1.50/gaiion 
and  the  above  BSFC: 

o  4-stroke  engines  will  cost  $0.Z2/Kw-hr 

o  2-stroke  engines  will  cost  $0.29/Kw-hr 

o  Rotary  engines  will  cost  $0.3B/Kw-hr 

i.e.,  ($1.50/gai)  (lgai/6.83#)  (.5#/hp-hr)  (2hp/Kw)  =  $0.22 

7.8.3  Special  Fluids 

Special  fluids  are  fluids  other  than  kerosene  fuel  that  are 
needed  to  operate  the  system.  Examples  of  these  fluids  are  : 

o  Oil 

o  Starting  fluid 

o  Coolant 

o  Grease 

o  Hydraul ic/ transmission  fluid 

Of  the  abov'e  fluids,  the  only  ones  that  have  a  significant 
impact  on  this  project  are  oil  and  starting  fluid  (starting  fluid 
will  be  addressed  later).  The  problem  here  is  that  on  the 
battlefield,  normal  crankcase  oil  will  be  available  for  use  with 
no  great  cost  impact  for  small  4-stroke  engines  since  4-stroke 
engines  are  not  very  sensitive  to  oil  type.  However, 
conventional  engines  requiring  f uel-oi 1  mix  such  as  the  2 -stroke 
and  rotary  will  have  a  problem  using  crankcase  oil  since 
crankcase  oil  has  a  high  ash  content  that  when  burned  will 
quickly  foul  spark  plugs  and  carbon  up  combustion  chambers.  SCS 
engines  have  run  with  conventional  lubricants,  both  2  stroke  and 
4  stroke,  with  little  or  no  fouling. 

To  prevent  fouling  in  conventional  engines,  a  special 
ashless  oil  or  2-stroke  oil  will  be  required  if  any  appreciable 
2-s t roke  or  rotary  engine  Life  is  to  be  real i zed .  Since  this  oil 
will  be  used  in  small  quantities  (50:1  or  100:1  mix  with 
kerosene  is  needed)  and  since  this  oil  is  not  explosive  under 
battlefield  conditions,  it  may  be  possible  to  include  it  in  the 
logistics  plan. 

In  summary  there  should  be  no  significant  special  fluids 
cost  for  the  4-stroke  conversion,  but  a  2-stroke  or  rotary 
engine  could  require  its  own  logistic  support  for  ashiess  oil  at 
an  unknown  but  significant  expense.  An  estimate  of  0.05/Kw-hr 
will  be  used  for  the  2-stroke  and  rotary  engines. 

7.8.4  Special  Equipment 

Special  equipment  is  addressed  here  because  of  the  possible 
need  for  a  battery  for  engine  start-up.  As  already  addressed  in 
the  system  modifications  section,  certain  options  have  a  cost 
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benefit  but  at  the  expense  of  requiring  eiectricai  power  for 
vaporizing  the  fuel  at  start-up.  This  power,  if  required,  can  be 
scavenged  from  other  mobile  units  in  the  field  or  it  can  be 
provided  from  a  dedicated  battery  integrated  into  the  motor 
generator  set. 

Unfortunately,  all  three  engine  types,  ii-stroke,  4-stroke, 
and  rotary,  could  require  a  battery  to  power  fuel  vaporizer 
systems,  even  for  hand  starting.  This  option  results  if  either 
of  two  other  options  fail  the  selection  criteria:  the  more 
expensive  (and  heavy)  direct  fuel  injection  with  a  hot  spark 
system,  or  the  less  expensive  but  hazardous  starting-fluid 
system.  A  best  estimate  for  a  starting  battery  to  power 
vaporizer  systems  is  $50,  and  it  is  expected  to  last  the  life  of 
the  engine. 

7 . 9  Engine  Performance 


The  final  section  of  the  Evaluation  Criteria  matrix,  engine 
performance,  deals  with  the  ability  of  the  candidate  engine  to 
perform  its  mission  on  the  battlefield.  Six  topics  were  found 
to  be  pertinent  and  will  be  examined  here.  They  are; 

o  Power  density  (Kw/#) 

o  Engine  reliability  {%) 

o  Cold  start  limits  (  F) 

o  Noise  Level  ( dB ) 

o  TR  signature 

o  EMI/RFI  signature 


7.9.1  Power  Density  (Kw/#) 


Power  density  is  an  important  factor  in  that  it  will  be  a 
measure  of  the  weight  a  man  will  have  to  transport  for  a  given 
amount  of  power  output.  Included  in  this  weight  are  the  basic 
engine,  its  modifications,  the  generator  with  interface,  fuel  & 
oil  and  any  special  equipment  such  as  batteries.  Three  engine 
types  will  be  considered,  the  4-stroke  being  the  heaviest  basic 
engine,  the  2-stroke  being  the  lightest  and  the  rotary  falling 
somewhere  in  between. 


Basic  engine  weight  is  defined  as  the  dry  weights  of  the 
engine  without  fuel  or  oil. 


Modified  engine  weight  is  the  basic  engine  weight  plus  the 
weight  of  the  modifications.  Here  the  significant  modifications 
are  the  fuel  vaporization  system  and/or  the  fuel  injection 
system.  It  is  estimated  that  a  fuel  vaporization  system  will 
weigh  approximately  one  pound  plus  battery.  A  fuel  injection 
system,  with  its  rotary  pump,  pump  drive,  injector  and 
connections  will  weigh  approximately  five  pounds. 


Fuel  and  oil  will  also  add  weight.  Fuel  (#/Kw-hr)  will 
average  approximately  one  pound  per  kilowatt-hour  and  crankcase 
oil,  only  of  interest  in  the  4-stroke,  will  add  approximately  Z , 5 
pounds . 

7 . y . 2  Generator  and  Interface 

Since  no  specific  generator  has  been  identified  in  this 
contract,  an  approximation  must  be  made  for  the  weight  of  the 
generator  and  its  interface.  This  approximation  was  made  using 
the  specifications  of  a  production  Honda  motor  generator  set  and 
will  assume  that  the  power  generation  system  will  equal  the  dry 
weight  of  the  engine  . 

7 . y . 3  Special  Equipment 

Should  n  battery  be  required  for  starting,  a  small,  high 
capacity  battery  weighing  approximately  five  pounds  would  be 
recommended . 

These  weights  will  be  totaled  and  put  into  matrix  form. 

7 . y . 4  Engine  Reliability 

Once  started  and  operating  on  proper  lubricants,  there  is  no 
reason  to  believe  that  the  candidate  engine  will  have  any  better 
or  worse  reliability  than  the  unmodified  engine.  Starting  is  the 
concern.  Both  of  the  existing  kerosene  fueled  projects 
considered  here,  the  Navy  Firepump  and  the  Grumman  TMAP  engine, 
have  excellent  starting  capabilities.  However,  the  Navy 
Firepump,  using  a  manual  start  system,  does  not  require  a  battery 
for  starting  as  does  the  Grumman  engine.  Because  of  the  manual 
start  capabilities  of  the  Navy  engine,  the  hot  spark-direct 
injection  system  is  deemed  to  be  the  most  reliable.  This  will  be 
reflected  in  the  Evaluation  Criteria  matrix. 

7 . y . 5  Cold  Start 

Present  cold  start  technology  using  direct  injection  or 
battery  powered  fuel  vaporization  has  demonstrated  reliable  cold 
starting  on  kerosene  fuel  down  to  -20  F  and  6  F,  respectively. 
All  three  candidate  engine  types  using  one  or  both  of  these 
techniques  will  be  able  to  cold  start  at  these  temperatures. 
Further  analysis  suggests  that  no  engine  type  will  have  a  major 
cold  start  advantage  over  another. 

7.y.6  Noise  Level  ( dB ) 

Since  all  three  modified  candidate  engine  types  are 
operating  as  SI  or  RI  engines  and  not  Cl,  combustion  noise 
associated  with  rapid  burn  rates  (DQ/DO)  should  not  differ 
significantly  from  gasoline  fueled  engines.  Mechanical  noise. 
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that  which  is  rpm  reiated,  should  also  be  normal  and  possibly  low 
because  of  the  reduced  rpm  requirement  associated  with  power 
generation . 

In  short,  kerosene  fueled  SI/RI  engine  noise  generation 
should  be  no  greater  than  that  of  the  gasoline  powered  SI 
engine.  If  a  further  dB  reduction  is  required,  existing  muffler 
technology  can  meat  most  any  specification. 

7.9.7  IR  Signature 

There  are  two  major  sources  of  infrared  emissions  on  an 
operation  internal  combustion  engine.  One  is  the  heat  of  the 
engine  metal  surrounding  the  combustion  chamber  and  the  other  is 
the  exhaust  system.  Of  these,  the  heat  of  the  combustion 
chamber,  even  in  air  cooled  engines,  is  the  lesser  problem.  The 
exhaust  system  temperatures  are  the  primary  contributors  to  IR 
emissions.  They  can  average  several  hundred  degrees  F  above 
cylinder  head  temperatures  and  often  the  exhaust  has  to  be 
diluted  with  coo L  air  before  exiting  the  muffler  to  reduce  the 
temperature.  The  use  of  kerosene  fuels  vice  design  gasoline  fuel 
may  slightly  elevate  the  IR  exhaust  signature  since  some  unburned 
fuel  (common  in  SI  kerosene  operations)  may  pass  through  the 
exhaust  port  and  burn  in  the  pipe. 

When  ranking  the  three  candidate  engine  types  for  IR 
signature  evaluation,  engine  thermal  efficiency  in  the  form  of 
BSFC  will  be  used.  Here,  excess  fuel  usage  to  produce  a  given 
amount  of  power  will  equate  to  excess  waste  heat.  Therefore, 
the  lowest  untreated  IR  signature  will  result  from  the  engine 
with  the  highest  thermal  efficiency  (another  way  of  saying  the 
lowest  BSFC).  As  stated  earlier  in  the  operating  costs  section, 
this  ranking  is  the  4-stroke,  li-stroke  and  rotary  engines.  Using 
the  4-stroke  engine  as  the  norm,  the  Z-stroke  engine  has  a  30% 
I  (.5-.  (15)/.  5  X  100]  increase  in  signature  over  the  4-stroke 
engine  and  the  rotary  has  a  50%  increase. 

7.9.8  EMI/RFI  Signatures 

Possible  sources  of  Electrical  Magnetic  Interference  and 
Radio  Frequency  Interference  in  an  SI  motor  generator  set  are  as 
f o 1 lows : 


o  Ignition  system 
o  Electric  start  system 
o  Generator 

Of  these,  only  the  ignition  system  may  be  required  to 
undergo  enough  change  to  significantly  alter  the  EMI/RFI 
signature  when  modifying  the  candidate  engine  to  kerosene  fuel 
operation.  If  the  hot  spark  modification  discussed  earlier  is 
used,  a  high  intensity  coil  will  be  required.  This  will  increase 
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the  electromagnetic  field  around  the  engine,  increasing  the  EMI 
signature.  In  addition,  a  high  intensity  coil  will  generate  a 
high  energy  spark  at  spark  plug  tip  that  will  increase  the  RFI 
signature . 

All  three  engine  types  may  undergo  an  adverse  EFI/RFI 
signature  change  if  the  "hot  spark"  modification  is  selected. 
Proper  grounding  and  shielding  of  the  ignition  system  can  reduce 
these  signatures.  Alternatively,  if  RI  is  used  once  the  engine 
is  started,  no  electrical  spark  is  required  (See  Appendix  A), 
hence  no  RFI  signature  is  emitted. 

7.10  Candidate  Engine  Selection 

7.10.1  4-Stroke  Cycle  Engine 

A  number  of  4-stroke  SI  engines  were  examined  for 
suitability  of  conversion  to  kerosene  based  fuel.  These  engines 
fit  largely  into  two  basic  categories:  the  older  side  valve 
engine  design  and  the  newer,  state-of-the-art,  ov'erhead  v'alv'e 
( OHV )  design.  In  addition,  many  sub-categories  were  found.  For 
example : 

o  Fiat  piston  vs.  bow I- in-pi ston  design 

o  Contact  point  ignition  vs.  fully  electronic  ignition 
o  Air  cooled  vs.  water  cooled 
o  Manual  start  vs.  electric  start 

o  U.S.  manufacturer  vs.  foreign 

Two  representative  engines,  one  fitting  each  basic  design, 
were  selected  for  study: 

o  Honda  GlUO  K1  ,  'l.'l  hp,  side  valve  engine 
o  Briggs  &.  Stratton  OT-4  ,  3.8.hp,  OHV  engine 


Four  stroke  engine  characteristics 


Briggs  & 

Honda 

Stratton 

Valve  train 

side  valve 

OHV 

Piston  design 

flat 

bowl- in-piston 

Displacement  ( in  ) 

4.63 

9 . 18 

Bore  ( in  ) 

1.81 

2 . 56 

Stroke 

1.81 

1  .  78 

Comprest ion  ratio 

6.5:1 

8.5:1 

Horsepower  (max) 

2.Z  @  4iJUU  rpm 

3.8  @  36UU  rpm 

Horsepower  (max  operating) 

1.6  @  36UU  rpm 

3.2  @  3600  rpm 

Weight  dry  ( lbs . ) 

19.0 

2i  .  0 
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These  engines,  as  was  the  case  with  most  4-strokes  studied, 
successfully  passed  the  Pre-evaluation  Criteria  matrix  since  they 
operated  well  within  the  speed/load  range  requirements  and  were 
simple  and  inexpensive  in  construction. 

The  engine  analysis  quickly  led  to  three  basic  categories 
that  greatly  affected  conversion  cost.  It  was  found  that  if  fuel 
restrictions  could  be  relaxed  slightly  to  allow  for  the  use  of  a 
very  small  amount  of  starting  fluid  at  start-up,  then  the  engine 
modification  could  be  accomplished  with  a  significant  cost  saving 
and  at  minimal  added  weight  since  the  major  engine  modification 
expense  is  that  of  the  starting  system.  This  is  referred  to  as 
"Option  A  -  Starting  Fluid"  . 

A  second  option,  one  that  strictly  adheres  to  the  use  of 
kerosene  fuel  for  starting,  is  one  that  requires  battery  power  to 
vaporize  the  fuel  at  start-up.  This  option  may  or  may  not  violate 
the  engine  conv'ersion  specifications  since  no  restrictions  on  the 
use  of  a  battery  were  given.  This  option  is  the  second  most 
expensive  and  complex,  and  is  referred  to  as  ""Option  B  -  Fuel 
Vaporizer  and  Batcery". 

The  third  option,  referred  to  as  "Option  C  -  Direct 
Injection",  adheres  to  the  stringent  requirements  of  kerosene 
fuel  and  no  battery,  and  requires  a  very  expensive  direct  fuel 
injection  system  along  with  other  major  modifications.  This  is 
the  option  selected  by  the  U.S.  Navy  for  use  on  its  45  hp 
Firepump  JP5  fueled  engine. 


7.10.2  2-Stroke  Cycle  Engine 


Most  of  the  2-stroke  engines  had  great  difficulty  passing 
the  technical  requirements  of  the  Pre-evaluation  Criteria  matrix. 
For  example,  the  sturdy  marine  outboard  motor  power  heads  have 
satisfactory  speed/ioad  ranges,  but  failed  technically  because  of 
their  cooling  requirements.  Also,  the  high  power  density  chainsaw 
type  engines  were  able  to  meet  the  cooling  demands,  but  failed 
technically  because  of  their  narrow  power  band  and  the  difficulty 
in  installing  Option  C  in  high  rpm  engines. 


This  left  a  few  aircooled  2-stroke  engines  with  an  optimum 
mid-range  power  band  from  which  to  choose.  Two  representative 
engines,  both  being  of  the  manual  start,  loop  scavenged,  and 
horizontal  crankshaft  design,  were  selected.  These  engines  were 
not  selected  on  the  basis  of  their  differing  combustion  chamber 
design  as  was  the  4-stroke  engine  since  work  on  this  type  of 
engine  by  Sonex  and  the  Navy  showed  that  loop  scavenging  was  the 
design  of  choice;  they  were  selected  because  each  engine 
represents  current  technology  from  two  of  the  largest  2-stroke 
engine  manufacturers.  The  engines  selected  are  as  follows: 
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o  Briggs  &  Stratton  Model  B2U32-U5ii9 

o  Tecumseh  AH60(J  type  900J384 


Two  Stroke  Engine  Characteristics 


Briggs  & 

Stratton  Tecumseh 


Scavenging 
Piston  design 
Displacement  ( in  ) 

Bore  ( in  ) 

Stroke 

Horsepower  (max) 

Horsepower  (max  operating) 


Loop 

Flat  crown 
6.21 
2. 13 
1  .  75 

3.4  @  3600  rpm 
2.3  @  3600  rpm 


Loop 

Fiat  crown 
6 . 00 
2 . 09 


1.75 

3.0  @  4500  rpm 
2.4  @  3600  rpm 


Two  stroke  engine  modification  will  be 
same  three  categories  as  the  4'Stroke  engines, 


calssified  in  ^he 
Options  A,  B  C . 


7.10.3  Rotary  Engines 

No  rotary  engine  successfully  passed  the  technical 
requirements  of  the  Pre-evaluation  Criteria  matrix.  Three  basic 
reasons  are  cited  for  this  failure: 


1.  Power  generation  requires  high  BMEP  operation  for 
extended  periods  of  time.  This  type  of  operation  in  a 
simple  rotary  causes  heat  build-up  in  the  main  rotor, 
leading  to  engine  failure. 

2.  Exhaust  gas  temperature  ( EGT )  of  a  rotary  engine  is 
approximately  650  F  higher  than  that  of  a  reciprocating 
engine  due  to  slower  combustion.  This  high  EGT  will 
elevate  muffler  skin  temperature  and  significantly 
increase  the  IR  signature. 

3.  The  study  failed  to  locate  any  commercial  rotary 
eng  ines  in  the  power  range  required  or  to  identify  any 
active  small  rotary  engine  development  projects. 
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Data  Format 


8  . 


8 . 1  Evaluation  Matrix 


Appendix  B,  "Evaluation  Matrix  Data  Sheets  ,  contains  the 
results  of  IZ  selected  runs  through  the  matrix.  These  IZ  runs 
are  grouped  into  four  engine  types: 

o  Honda  4-stroke  cycle 

o  Briggs  &  Stratton  4-stroke  cycle 

o  Tecumseh  Z-stroke  cycle 

o  Briggs  &  Stratton  Z-stroke  cycle 


and  three  options  per  engine  type*. 


o  Option  A  -  starting  fluid 

o  Option  B  -  fuel  vaporizer  and  battery 

o  Option  C  -  direct  injection 


The  printout  of  the  ev'aluation  matrix  consists  of  three 
pages  of  data,  headed  by  a  description  of  the  candidate  engine 
and  followed  by  the  modification  option  selected.  The  remainder 
of  the  matrix  closely  follows  the  format  presented  in  Section  7. 


8 . Z  Summary  Table 


Table  3  -  "Summary  Table"  -  lists  pertinent  information  from 
the  IZ  runs  of  the  evaluation  matrix  in  table  form.  Two  sets  of 
numbers  are  presented  for  each  run.  The  first  is  the  dollar 
value  for  each  category,  i.e..  Procurement  cost  for  Honda,  Option 
A  is  450  ($/Kw).  The  second  is  the  first  number  divided  by  the 
lowest  number  in  the  row  (normalized),  i.e.,  450  ($/Kw)  =  450/167 
-  Z.Oy,  and  is  called  the  "normalized  evaluation  factor". 

The  bottom  three  lines  also  requ ire  explanation.  The  third 
line  from  the  bottom  is  labeled  "Weighted  Normalized  Evaluation 
Factor"  ( . 5X  final  S/Kw  and  . 5X  Ib/Kw).  This  is  the  normalized 
evaluation  factor  for  total  operating  cost  (OP)  +  Initial  Costs 
and  weight  per  unit  power  times  a  weighting  factor.  For  this  line 
the  weighting  factor  is  .5/. 5  (.5  times  power  density  in  #/Kw  and 
.5  times  initial  costs  in  S/Kw).  Note  that  .5/. 5  means  that 
there  is  equal  weighting.  The  next  line  uses  a  weighting  factor 
of  .6/. 4.  (6U%  cost  and  4U%  power  density),  and  the  bottom  line 
IS  more  heavily  weighted  towards  cost  with  the  factors  being  .7 
and  . 3  . 

Note  that  the  lower  the  value  of  the  weighted  normalized 
evaluation  factor,  the  better  the  candidate  engine,  i.e..  On  the 
last  line  the  Briggs  &  Stratton  4-stroke  cycle,  Option  A  has  the 
lowest  evaluation  factor  (1.10). 
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FOUd  SmOlE-CYCLE  !  FOUd  SIdO«-tYtl£  /  INO  SIdOIE-CYCLE  /  TNO  SIdOIE-CYClE 


Table  3 


Summary  Table 
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8 . 3  Plots 


Eight  plots  are  required  to  graphically  present  the  data  in 
Table  3.  Figure  1  is  the  plot  of  the  normalized  evaluation 
factor  against  engine  type  for  the  three  options,  A,  B  &  C,  vising 
a  .5/. 5  weighted  factor.  Figures  2  &  3  are  plots  of  the  same 
information,  only  for  .6/. 4  and  .7/. 3  v^eighting  factors.  Figure  4 
presents  ail  three  plots  on  one  page. 

Figure  5  is  a  plot  of  the  normalized  evaluation  factor 
against  engine  type  for  the  three  weighted  factors  (.5/. 5,  .6/. 4 
&  .7/.3),  for  a  given  Option  (A).  Figures  6  &.  7  provide  the 
same  information  for  Options  B  &  C.  Figure  8  presents  the  last 
three  plots  on  one  page. 
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NORMALIZED  EVALUATION  FACTOR 


2.5 


U.S.  ARMY  KEROSENE  FUEL  CONVERSION  STUDY 
EVALUATION  FACTOR.  OPTION  A 


2.0  H 


1.5  H 


1.0  H 


OQOOO  sat  /  5Qs 
qopaa  eOt  /  4Q» 
fffnt  70x  /  30  M 


0.5 


HONDA  BRtGGS-4  TECUMSEH  BRIGGS-2 

Figure  5 
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NORMALIZED  EVALUATION  FACTOR 


U.S.  ARMY  KEROSENE  FUEL  CONVERSION  STUDY 


HONDA  BR1G6S-4  TECUMSEH  BRI6GS-2 

Figure  6 
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U.S.  ARMY  KEROSENE  FUEL  CONVERSION  STUDY 
EVALUATION  FACTOR.  OPTION  C 
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Figure  7 
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U.S.  ARMY  KEROSENE  FUEL  CONVERSION  STUDY 
EVALUATION  FACTOR  PER  OPTION 


r3.0 


72.5 
72.0 

-1.0 

r3.0 

r2.5 

72.0 

71.5 

-1.0 

r3.0 

72.5 
72.0 
-1.5 


1.0 


HONDA 


BRIGGS-4  TECUMSEH  BRIGGS-2 
Figure  8 
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OPTION  C  OPTION  B  OPTION  A 


Conclusions 


y . 


y . 1  Best  Candidate  Engine 

The  best  candidate  engine  is  the  Briggs  &  Stratton  4-stroke 
OHV  engine.  Of  the  four  candidate  engine  types  selected  (the 
older  side  valve  Honda,  the  newer  OHV  Briggs  &  Stratton,  the  Mid- 
Power  band  2-stroke  by  Tecumseh  and  the  equivalent  2-stroke  by 
Briggs  &  Stratton),  the  Briggs  &  Stratton  design  was  clearly 
superior.  This  becomes  particularly  apparent  when  viewing  the 
plots  in  Figures  1  through  8.  The  engine  with  the  lowest 
evaluation  factors,  and  therefore  the  best  candidate  for 
modification,  is  the  Briggs  &  Stratton  4-stroke  OHV  engine. 

This  engine  type  came  out  on  top  for  all  three  Options  (A,  B 
&  C)  and  improved  its  Lead  over  the  rest  of  the  field  as 
weighting  factors  favoring  cost  were  applied.  A  good  example  of 
this  can  be  found  in  the  plots  in  Figures  5  through  8  where  the 
three  competing  engine  designs  increase  in  normalized  evaluation 
factor  values  as  a  cost  weighted  factor  is  applied  (from  .5/.  5  to 
.7/. 3),  while  the  Briggs  &  Stratton  design  starts  off  low  and 
goes  lower  yet  as  the  weighted  factor  is  applied,  In  the  area  of 
performance,  the  Briggs  &  Stratton,  a  4-stroke,  has  the  lowest 
BSFC,  the  longest  engine  life  and  the  best  signatures  as  well. 


y . 2  Second  Best  Candidate  Engine 

The  second  best  candidate  engine  for  conversion  is  the 
Tecumseh  2-stroke. 

Since  both  candidate  engines  use  the  latest  2-stroke 
technology,  they  came  out  fairly  equal  in  the  competition,  with 
the  Tecumseh  engine  having  a  slight  advantage  over  the  Briggs  & 
Stratton  2-stroke. 

y . 3  Third  Best  Candidate  Engine 

The  technically  older  side  valve  Honda  engine  took  a  distant 
last  place  that  put  this  technology  out  of  the  competition. 

y . 4  Other  Engines 

No  rotary  engine  passed  the  Pre-evaluation  matrix. 
Therefore,  the  rotary  is  not  considered  a  candidate  for 
mod  1 f icat i on . 
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1 0 .  Recommendations 


lU . 1  SCS  Technology 

Much  of  the  technology  required  for  this  conv^ersion  has 
already  been  developed  and  tested  by  Sonex  Research,  Inc.  of 
Annapolis,  Maryland.  With  this  in  mind,  it  is  recommended  that 
SCS  technology  be  incorporated  in: 

o  Piston  design.  The  use  of  SCS  technology  in  the  bowl 
of  the  piston  will  maintain  combustion  chamber  squish 
and  swirl  while  reducing  the  compression  ratio.  Also, 
it  is  probable  that  with  the  use  of  SCS  radical 
enhanced  combustion,  the  expected  Z5%  power  drop 
inherent  in  conventional  engine  conversions  of  this 
type  will  be  eliminated  bringing,  the  generator  output 
up  from  1.2  Kw  to  approximately  1.5  Kw . 

o  Piston  ring  design.  As  stated  earlier  in  Section  5, 
the  4-stroke  engine  has  a  problem  with  lube-oil 
dilution  when  operating  on  kerosene  type  fuels.  SCS 
technology  has  already  solved  this  problem  through  the 
use  of  a  special  gapless  ring  and  gapless  ring 
expander.  The  use  of  this  technology  would  save 
additional  time  and  development  costs. 

o  Fuel  vaporizer  system  (Option  B  only).  Sonex  has 
successfully  demonstrated  its  fuel  vaporizer  system  on 
a  kerosene  fueled,  4-stroke  SI  project  funded  by  Onan 
Corporation,  and  on  a  2-stroke  project  funded  by 
Grumman  Electronics  Corporation.  This  technology 
successfully  passed  cold  start  and  endurance  testing 
and  is  recommended  for  use  if  Option  B  is  selected. 

10.2  Opt  ions . 

It  is  recommended  that  the  U.S.  Army  evaluate  the  three 
Options  presented  in  this  report  for  their  merit  on  cost, 
operational  requirements  and  existing  technology,  and  that  the 
Army  specify  the  starting  criteria  for  Phase  II  development. 

10.0  Generator  Output . 

According  to  the  Mobile  Electric  Power  Asset  Report  dated  12 
.June  1991,  the  major  category  of  motor  generators  in  the  .  5  to  3 
Kw  range  is  the  1.5  Kw  60HZ  AC  generator.  For  this  reason  it  is 
recommended  that  the  initial  engine  modification  use  a  1.5  Kw 
60HZ  AC  generator. 
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If  a  simple  inexpensiv'e  starting  system,  requiring  neither 
starting  fluid  nor  battery  power,  were  developed,  it  would  allow 
for  uption  C  pertormance  at  Option  A  prices.  Sonex  is  currently 
designing  a  hand  operated  starting  system  using  a  primer  pump  and 
hot  spark  that  will  enable  an  engine  to  cold  start  on  kerosene 
fuel  without  any  starting  aids  or  expensive  direct  fuel  injection 
hardware.  It  is  recommended  that  this  development  be  included  in 
the  Phase  II  program. 
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Once  the  candidate  engine’  is  selected  a  specific  list  of 
modifications  can  be  presented.  The  required  modifications  for 
the  selected  engine  are  divided  into  four  sections.  The 
generator,  having  been  discussed  in  Section  6,  is  not  addressed 
here  : 


o  Basic  engine  selection 
o  Option  A 

o  Option  B 

o  Option  C 

11.1  Basic  Engine 

The  basic  engine  section  covers  the  modifications  common  to 
most  options.  it  is  divided  into  three  categories. 

o  P i s ton/combus t ion  chamber 

o  Piston  rings 

o  Carburetor  fuel  .jets  (Option  A&B ) 


11.1.1  Piston/Combustion  Chamber 


The  Briggs  &  Stratton  4-stroke  engine  has  its  combustion 
chamber  divided  between  the  cylinder  head  and  piston  bowl.  This 
bowi-in  piston  geometry  is  ideal  for  the  incorporation  of  SCS 
Mode  3  technology  in  the  piston  bowl. 


An  example  of  a  Sonex  Mode  3  (see  .Appendix  A)  SCS  piston 
design  used  in  a  major  European  auto  manufacturer’s  4-stroke 
engine  is  enclosed  as  Figure  9.  This  piston  drawing  is  shown  for 
reference  only.  The  Briggs  &  Stratton  piston  will  have  similar 
SCS  technology  but  not  the  dimensions  shown  in  the  figure. 
Please  note  that  the  drawing  is  "sanitized'  per  the  requirements 
of  the  Sonex  client. 


The  prototype  modified  piston  will  consist  of  two  parts:  the 
piston  base  cut  from  the  stock  piston  and  the  Sonex  insert,  cut 
from  high  strength  aluminum.  The  Sonex  insert  contains  the  Sonex 
chambers  which  generate  radicals  for  SCS  combustion.  The  two 
parts  of  the  piston  will  be  attached  mechanically  (bolts)  for  the 
initial  design  and  could  be  electron  beam  welded  for  the  final 
product.  The  exact  manufacturing  technique  is  under 
investigation  by  Sonex  piston  licensee,  AE  Piston  Products . 
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Figure  9 


1  1  .  1  .  z 


Piston  Rings 


In  order  to  prevent  iube-oii  dilution  a  special  Sonex  design 
top  compression  ring  will  be  required.  The  remaining  two  rings, 
the  second  compression  ring  and  the  oil  ring,  will  be  stock.  The 
special  ring  design  was  developed  earlier. 

11.1.3  Carburetor  Fuel  Jets 


When  changing  from  the  design  fuel  (gasoline)  to  the 
required  fuel  (kerosene),  a  change  in  carburetor  fuel  jets,  air 
jets  and  perc  tube  is  required  in  order  to  operate  at  proper 
stoichiometry  and  to  properly  vaporize  the  fuel.  This  can  be 
accomplished  using  conventional  technology  and,  in  most  cases, 
off-the-shelf  hardware.  A  brief  test  series  will  be  required  to 
optimize  the  carburetor  for  kerosene  fuel  operations. 

1 1 . Z  Option  A  (Starting  Fluid) 


The  only  non-basic  engine  requirement  for  Option  A 
operations  Is  a  starting  fluid  canister  bracket  and  associated 


connections.  It  is  envisioned 
starting  fluid  can  be  stocked  in 
an  expendable  item  much  the  same 
stocked.  As  such,  the  canister 
support  and  connected  to  a  tube, 
the  Intake  manifold  of  the  engine. 


r.hat  a  canister  containing  a 
the  U.S.  Army  supply  system  as 
way  as  a  spark  plug  might  be 
would  be  fitted  into  a  bracket 
routing  the  fluid  directly  to 


11.3  Option  R  (Fluid  Vaporizer) 


The  battery  powered  fuel  vaporizer 
small  portion  of  the  kerosene  fuel  for  easy 
engine  is  operating,  the  vaporizer  system 
major  system  components  are; 


is  used  to 
starting. 
IS  turned 


vaporize  a 
Once  the 
off.  The 


o  Vaporizer  block 

o  Glow  plug  assembly 

o  Battery  and  control 


11.3.1  Vaporizer  Block 


Figure  10  is  a  drawing  of 
Grumman  TMAP  project.  Its 
metering  and  to  house  the  glow 
between  the  carburetor  and 
vaporizer  block  similar  to  the 
Briggs  &  Stratton  Option  B  modi 


the  vaporizer 
function  is 


block  used  for  the 
to  provide  for  fuel 


plug  assembly, 
intake  manifold 
one  shown  is 
f ication . 


It  IS  located 
of  the  engine.  A 
proposed  for  the 
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1 1  .  3  .  Z 


Glow  Plug  Assembly 


The  fuel  vaporizer  glow  plug  (Figure  11)  is  an  off-the-sheif 
component  requiring  12  VDC  power  to  operate.  Its  function  is  to 
heat  a  small  amount  of  kerosene  fuel  to  its  vaporization 
temperature  thereby  producing  a  fuei/air  vapor  ready  for 
Ignition  The  glow  plug  assembly  is  a  relatively  Long  life 

component  that  fits  into  the  base  of  the  vaporizer  block. 

11.3.3  Battery  and  Control 

A  small  12  VDC  rechargeable  battery  is  required  to  power  the 
glow  plug  assembly.  It  is  controlled  by  a  simple  on/off  switch. 
All  battery  and  control  components  are  off-the-shelf  hardware. 

11.4  Option  C  (Direct  Injection) 

Option  C  IS  the  most  expensive  of  the  tliree  options: 
hoivever,  its  cold  starting  capability  and  excellent  performance 
have  been  demonstrated  in  the  N'avy  Firepump  program.  The 
components  of  this  system  are: 

o  Fuel  injection  pump  and  injectors 

o  Hot  spark  system 

11.4.1  Fuel  Injection  Pump 

If  Option  C  IS  selected,  a  development  program  will  be 
required  to  take  an  off-the-shelf  direct  injection  system  and 
convert  it  to  the  specifications  of  this  engine.  Several 
companies  were  found  to  sell  fuel  injection  pumps,  injectors  and 
lines  within  the  size  and  capacity  constraints  required.  The 
Vanrnar  and  Lister  systems  were  the  best  candidates  to  supply 
components  for  this  system. 

11.4.3  Hot  Spark  System 

A  high  intensity  spark  is  required  to  ignite  the  partial  l.v 
vaporized  fuel  delivered  by  the  Direct  Injection  System.  For  the 
past  five  years  Sonex  has  been  working  closely  with  Nelson 
Specialties,  Inc.  of  Woodbridge,  Virginia,  on  specialty  ignition 
components  for  'various  engine  projects.  Both  Sonex  and  Nelson 
Specialties  believe  that  the  required  Hot  Spark  System  can  he 
assembled  from  mostly  off-the-shelf  components  with  minimal 
additional  expense. 


IDGBDISIIQ 


ttOi 
z  CO. 


M5  X  0.8  THREAD 


SPRING  WASHER 


@  THREADED  TERMINAL 
STAKED  IN  PLACE 

INSULATING  WASHER 


•^^1  HEX.- DATE  or  MEG  CODE 


ORAWM  CMCCKC 

GWK 


2/1  5-12-82 


_ 

12-20-84  lOLB 

B4 

INTERNAL  CONFIG.  REV.  )  | 

63 

BRAZE  REM. 

12-7-84  Igk 

61 

2.318  jez  TERM  REV.  |  | 

UCT 

REVISIONS 

1  OATI  1  ST 

CHAMPION  SPARK  PLUG  COMPANY 

rOLIDO.  OMK) 

NAMC 

GLOW  PLUG 
-  ASSEMBLY 


TYPE  NO. 

CH69 

(0030233) 

■3-30-84 - 


Figure  11 

54 


1 2 .  Development  Work  Required 


Three  areas  requiring  further  development  are  identified  in 
the  body  of  the  report.  They  are  listed  here  in  their 
recommended  order  of  importance. 

12.1  Alternative  Starting  System  (Identified  in  Section  10.4) 

This  system,  if  developed,  will  give  the  most  return  for  the 
dollar.  If  this  technology  were  available,  it  would  eliminate 
the  need  for  presenting  Options  A,  B  &  C  since  unaided  engine 
starting  could  easily  be  accomplished.  The  uniqueness  of  this 
technology  places  it  in  the  high  risk  development  category. 


12.2  Hot  Spark  System  (Identified  in  Section  11.4.2) 

This  system  would  be  beneficial  for  any  of  the  Options 
selected  and  would  even  increase  the  performance  of  an  engine 
using  the  starting  system  identified  in  Section  12.1  above.  It 
is,  however,  considered  a  requirement  for  the  Option  C 
conversion.  This  technology  was  proven  on  the  Niavy  Firepump 
program  and  should  be  somewhat  transferrab  le  to  this  program. 
The  Hot  Spark  System  is  considered  a  low  risk  development 
program . 


12 .  '.i  Direct  Fuel  Injection  System  (Identified  in  Section  11.4.1) 


This  is 
and  Is  only 
program  is 
integration 


the  most 
used  for  Op 
low  risk 
of  existing 


costly  of  the  three  development  programs 
tion  (7.  The  development  required  for  this 
in  that  it  requires  identification  and 
hardware . 
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ABSTRACT 

The  potential  influence  and  lialtatlons  of 
classical  fluid  nechanlcs  enhancement  of 
combustion  is  reviewed  briefly  and  compared  with 
experimentally  observed  improvements  in 
combustion  efficiency  produced  by  both  acoustic 
and  chemical  (active  radical)  charge 
conditioning.  Several  designs  which  accomplish 
this  charge  conditioning  are  described  and  sample 
experimental  results  for  unassisted  Cl  of 
methanol  fuel,  CI-DI  diesel  fuel  and  SI  gasoline 
fuel  are  given.  The  resulting  benefits  of  low 
levels  of  undesirable  emissions  are  given  as  well 
as  evidence  of  a  new  generic  engine  design 
variable  for  In-cyllnder  control  of  Ignition  and 
combustion:  chemical-acoustic  charge 

conditioning. 

KEY  WORDS 

Engines,  Radical  enhancement.  Combustion, 
Emissions,  Acoustic. 

INTRODUCTION 

Combustion  in  internal  combustion  (IC) 
anginas  can  never  be  complete;  at  best,  maximum 
combustion  efficiency  of  96.9%  can  be  achieved 
Gerrish  and  Voss  (1937),  but,  according  to  Table 


1,  only  at  an  air  fuel  ratio  (AFR)  of ‘20:1 
(lambda*  1.4).  The  favorable  effect  of  operating 
at  this  AFR  on  emissions  is  clearly  seen  in 
Figure  t,  Baumeister  (1979);  CO,  HC  emissions  are 
at  their  lowest  levels  as  well  as  brake  specific 
fuel  consumption  (BSFC) . 


FIG.  1.  Gasoline  engine  exhaust  emissions  and 
specific  fuel  consumption  vs.  air-fuel 
ratio. 


Today's  automotive  gasoline  fueled  vehicles 
are  calibrated  to  operate  in  the  vicinity  of  an 
AFR  -  14.7,  or  lambda  -  1,  to  utilize  with  best 
efficiency  the  3 -way  catalyst  systems.  Combustion 
efficiency,  however,  drops  to  near  92.5%.  Fuel 


1 


coat  to  the  driver  Is  roughly  lOt  higher  than 
that  possible  at  a  lambda  -  1.4,  but  the  3-way 
catalytic  converter  does  bring  the  enlsslons  into 
cospllance  with  the  ever  tightening  government 
regulations. 

It  is  the  objective  of  this  paper  to 
Introduce  the  capability  of  Chemical  Acoustic 
Combustion  (CAC)  to  improve  in-cylinder  ignition 
and  combustion  reactions  in  IC  angines  (and 
therefore  improve  combustion  efficiency)  with 
benefits  to  emissions  and  fuel  consumption. 

Chemical  Acoustic  Combustion  has  been  well 
documented  for  many  years  in  combustion 
literature  with  an  excellent  review  given  by  Oran 
and  Gardner  (1985).  It  la  only  in  recent  years 
that  it  has  bean  introduced  to  IC  engines  by 
Pouring,  at.  al.  (1986,  1988,  1990). 

It  will  be  demonstrated  here  that  CAC  in  IC 
engines  can  easily  do  many  things  that 
conventional  means  cannot  achieve  at  all  or  only 
with  great  mechanical  difficulty.  Per  example, 
CAC  allows  misfire-free  compression  ignition  (Clj 
operation  of  direct-injection  (DI)  methanol  at  a 
compression  ratio  of  17:1  with  no  in-cy Under 
glow  plug,  spark  plug  or  chemical  ignition 
improvers.  Conventional  DI  operation  on  methanol 
requires  a  compression  ratio  of  36:1  to  achieve 
the  same  result,  Hardenberg  (1987). 

LIMITATIONS  OF  CLASSICAL  METHODS  OF  INCREASING 
COMBUSTION  EFFICIENCY 

According  to  Table  I,  combustion  efficiency 
(CE,  defined  as  the  ratio  of  the  energy  liberated 
to  that  which  could  be  liberated  under  ideal 
conditions)  reaches  a  maximum  at  an  APR  of  30:1 
or  a  lambda  -  1.4.  Various  In-cyllnder  techniques 
of  fluid  mechanics  allow  leaning  out  (lambda  >  1) 
of  a  mixture  through  better  mixing  of  air  and 
fuel,  but  it  is  a  combination  of  many  engine 
variables  that  most  be  optimised  for  the  engine 
to  perform  adequately  at  leaner  mixtures. 

In  automotive  applications,  the  question  of 
emissions  control  for  engine  calibration  above 


lambda  -  1  is  also  a  serious  question,  but  at 
least  one  manufacturer  has  addressed  this  issue 
in  a  production  vehicle:  Toyota  (Carina) . 

There  are  many  reviews  in  the  literature  on 
the  influence  of  fluid  mechanics  enhancement  of 
the  combustion  sons  for  lean  burn  in  SI  engines. 
For  example.  Pansier  and  French  (1987)  treat  the 
affects  of  swirl,  squish  and  turbulence.  Ford- 
Dunn,  et.al.  (1989)  add  the  effect  of  tumble. 

These  four  fluid  mechanical  effects  are 
defined  here  as  "classical  methods". 

Squish:  The  generation  of  in-cylinder, 

generally  radial  turbulence  due  to 
piston  crown  -  cylinder  head 
interaction  near  top  dead  center  (TDC) . 
What  effect  does  squish  have  on  combustion? 
o  Better  mixing  of  air  and  fuel  and  the 
radial  motion  causes  distortion  of  the 
flame  front  to  accelerate  burning, 
o  But,  the  squish  zone  also  hides  a 
portion  of  the  fuel-air  charge, 
delaying  combustion. 

o  Combustion  chambers  with  squish  bands 
allow  compact  designs  with  low  end  gas 
temperatures  (this  helps  avoid  engine 
knock  and  detonation) . 


PIC.  3.  In-cylinder  air  motion  -  swirl. 
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TABLE  I.  Variation  of  axhaust-gas  constituents 
and  combustion  efficiency  with  air-fuel  ratio. 


o  Squish  is  now  out  of  favor  with  auto 
manufacturers  due  to  unburned  mixture 
and  higher  unbumed  hydrocarbons. 

Swirl;  Generated  by  a  ■snailshell*  (or 
corkscrew)  intake  passaqe  creating 
fluid  motion  parallel  to  cylinder  walls 
during  cylinder  filling.  A  good  example 
of  such  an  inlet  is  taken  from  Ford- 
Dunn,  et.  al.  (1989),  in  Figure  2. 

Hhat  effect  does  swirl  have  on  combustion? 
o  Swirl  activates  in-cylinder  air  motion 
which  persists  during  compression.  It 
increases  local  turbulence  in  the  spark 
plug  electrodes  and  allows  Ignition  of 
Isaner  fuel-air  charges.  Swirl  is 
particularly  effective  with  81 
stratified  charges  and  is  used 
extensively  in  modern  diesels. 

Tumble:  Generated  by  skewing  the  flow  in  a  near 

vertical  Intake  port  to  favor  one  side 
of  the  intake  valve,  imparting  a 
vertical  roll  or  tumble.  The  outflow  of 
a  rotary  valve  also  imparts  tumble. 
Again,  Ford-Dunn,  et.  al.  (1989)  give 
an  excellent  example.  Figure  3. 


Nhat  effect  does  tumble  have  on  combustion? 
o  The  tumble  effect  is  related  to  swirl 
in  increasing  turbulence  and  velocity 
at  the  spark  plug  electrodes  allowing 
ignition  of  a  leaner  mixture. 
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o  It  should  b«  noted  that  both  tuable  and 
Bwlrl  raduce  the  volunetrlc  efficiency 
of  normal ly  aspirated  engines  at  high 
output.  Pull  power  is  therefors  lower. 

Conclusions  with  regard  to  classical  fluid 
mechanics 

o  The  benefits  obtainable  from  air  motion 
-  swirl  -  tumble  -  turbulence  are 
limited.  Typical  results  are  given  by 
Ford-Dunn,  et.  al.  (1989)  in  Figure  4, 
where  the  region  Influenced  by  swirl  - 
tumble  is  shaded. 


Air/Fud  Ratio 

FIC.  4.  Effects  of  swirl  and  tumble  on  exhaust 


emissions  and  specific  fuel  consumption 
at  part-load;  3600  RFM,  3.5  bar  BMEP. 

o  The  maximum  air-fuel  ratio  attained 
before  the  variation  in  IMEP  (Indicated 
Kean  Effective  Pressure)  exceeds  5« 
(generally  accepted  limit)  is  18:1.  The 
authors  point  out  that  this  combustion 
improved  by  either  swirl  or  tumble  is 
"ignition  limited"  since  the  minimum  in 


BSFC  is  not  achieved  before  the  IMEP 
variation  exceeds  St.  This  Implies  that 
additional  ignition  energy  would  be 
required  to  reach  air-fuel  ratios 
higher  than  18:1. 

To  cite  two  other  "classical  methods  of 
augmenting  swirl  to  enable  lean  burn;  the 
compression  ratio  can  be  increased,  (}uissch,  et. 
al.  (1988)  or  the  fuel  air  charge  can  be 
stratified  (Pansier  and  French,  1987) . 
Development  continues  in  both  of  these  area  to 
achieve  stable  combustion  at  high  air-fuel  ratios 
and  hence  high  combustion  efficiency. 

For  a  lean  burn  to  be  useful  in  SI 
automotive  applications,  Vaughen  and  Hammer le 
(1987)  point  out  that  air-fuel  ratios  as  lean  as 
22:1  are  needed  to  control  nitrogen  oxide  (NOx) 
emissions  without  the  use  of  3-way  catalysts 
idiich  are  not  effective  at  NOx  control  in  lean 
burn  exhaust.  "Unfortunately,  at  22:1  homogeneous 
charge  combustion  tends  to  misfire  or  burn  very 
Irregularly."  Consequently,  driveability  is 
unacceptable. 

The  challenge  to  lean  burn  combustion  and 
high  combustion  efficiency  in  IC  engines  is: 

o  How  to  lover  the  ignition  energy 
required  to  maintain  stable  combustion. 

IGNITION  ENERGY 

The  challenge  of  lower  ignition  energy  for 
leaner  fuel-air  mixtures  has  been  net  by  the 
Sonex  Combustion  System  (SCS).  It  was  observed  in 
early  experiments  by  Allen,  et.  al.  (1982)  that 
certain  piston  designs  in  a  CFR  (Cooperative  Fuel 
Research)  engine  were  capable  of  not  only 
creating  sustained  acoustic  oscillations  in  the 
combustion  chamber  as  in  Figure  5,  but  also  of 
changing  the  ignition  characteristics  of  the 
mixture. 

It  was  shown  by  Allen,  at.  al.  (1982)  that  a 
transition  can  occur  from  spark-ignited 
combustion  to  "radical  ignition"  (RI)  (with  no 
spark)  at  relatively  low  comprosalon  ratios 
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(order  of  6:1)  on  gasoline,  JP5,  end  diesel  fuels 
when  using  a  piston  design  slallar  to  that  in 
Figure  6. 

HI  la  defined  here  as  carburetted  or  non- 
carburettad,  stratified  charge,  controlled  auto- 
Ignltion  at  coapresslon  ratios  less  than  those  of 
classical  coapresslon  ignition  (Cl). 


FIG.  5a.  (Upper)  SCS  -  Mode  1,  pressure  crank 
angle  diagraa. 

Sb.  (Canter)  SCS  -  Mode  1,  pressure 

displaceaent  diagraa. 

5c.  (Lower)  SCS  -  Node  1,  rata  of  heat 

release  diagraa. 


/  e 

h 

FIG.  6.  SCS  -  Mode  1  piston  design. 

It  was  found  in  later  experiments 
(unpublished)  that  the  ignition  energy  required 
gradually  approached  zero,  depending  on  the  fuel 
used  and  air-fuel  ratio  at  which  RI  occurred. 
With  RI,  zero  ignition  is  required.  Rl  occurs  on 
leaning  out  the  mixture  from  chemically  correct 
or  stoichiometric  conditions,  not  by  reducing  the 
fueling  by  reducing  fuel  jet  size  or  equivalent, 
but  by  providing  additional  secondary  air  in  a 
controlled  manner  to  the  Intake  valve  by  a  dual¬ 
plane  intake  manifold,  Allen  et.  el.  (1982). 
This  lean-out  procedure  also  creates  an  axially 
stratified  charge  (see  later  SI  results) . 

Thus,  by  proper  design,  it  is  possible  to 
take  advantage  of  the  approach  to  the  operating 
condition  of  RI,  with  its  decreasing  Ignition 
energy  requirement,  to  operate  ultra-lean-burn 
S.I.  engines  without  actually  getting  to  the  RI 
condition. 

RI  has  been  observed  experiaentally  for  at 
least  sixty  years  but  the  first  documented 
experiments  were  published  relatively  recently, 
Onishi,  et.  al.  (1979),  Hoguchi,  et.  al.  (1979). 

The  work  of  the  latter  is  particularly 
iaportant  because  it  identified  the  radical 
cheaical  species  or  intermediate  reactive 
products  leading  to  auto-ignition  with  gasoline 
fuels  at  low  compression  ratios  (<  10:1). 
Combustion  under  these  conditions  is 
exceptionally  stable  with  low  emissions.  The 
authors  also  showed  that  their  results  conformed 


5 


with  tha  Seaanov  Peninsula  of  Radical  Initiated 
Reaction,  Semenov  (1958) . 

It  will  now  be  shown  how  the  author  and  his 
colleagues  have  made  use  of  these  experimental 
observations  to  produce  low-emission,  lean-burn 
engine  systems  dependent  on  acoustic  and/or 
chemical  charge  conditioning. 

ACOUSTIC  AMO  CHtMICAL  INFLUENCES  ON  COMBUSTION 

A  series  of  piston  designs  has  been  patented 
by  Pouring  et.  al.  (1986,  1988,  1990)  that  allow 
control  of  ignition  and  combustion  in  IC  engines 
by  acoustic  and/or  chemical  conditioning  of  the 
charge  within  the  cylinder  before,  during  and 
after  the  combustion  event. 

All  SCS  designs  rely  on  a  cavity  of  soma 
kind  in  the  combustion  chamber;  the  cavity  may  be 
in  the  piston,  in  the  cylinder  head  or  exist 
temporarily  between  the  piston  and  the  cylinder 
head. 

The  three  principal  nodes  of  inducing  charge 
conditioning  in  IC  engines  by  the  piston  designs 
shown  in  Figures  6,  7  and  8  are  now  reviewed 
briefly;  for  a  full  description  see  the  patents 
referred  to  above. 


SCS  Mode  1 

Mode  1  relies  on  the  priclple  of  scoustlc 
resonsnce  and  the  Interaction  induced  in  each  of 
two  chambers:  the  primary  combuation  chamber  and 
the  secondary  resonance  chamber  generally  located 
at  tha  outer  piston  diameter.  This  approach 
alloM  a  relatively  simple  mathematical 


dascrlptlon  of  the  piston  geometries  following 
tha  Helmholtz  resonator  principle  and 
mathematically  ties  the  piston  design  process  to 
control  of  engine  knock.  It  also  relates  the 
chamber  resonance  to  combustion  chemistry 
allowing  not  only  more  complete  combustion  and 
lower  emissions  but  also  control  of  knock.  An 
example  of  cylinder  pressure  behavior  is  given  in 
Figure  5,  together  with  the  rate  of  heat  release 
(ROHR)  clearly  showing  the  acoustic  influence. 
Mors  experimental  results  are  given  by  Pouring 
et.  al.  (1986,  1987). 


Diesel  venioa  shewa,  SI  Is  similar 


SCS  Mode  2 

The  second  approach  to  In-cylinder  control 
of  combustion  relies  on  the  interaction  between 
the  piston  and  cylinder  head  to  create  a 
temporary  resonance  chamber  while  the  piston  is 
near  the  TDC.  Again,  the  Helmholtz  resonator 
principle  is  followed  allowing  acoustic  charge 
conditioning  in  high  speed  applications  such  as 
two-stroke  engines.  Experimental  results  for  such 
•  two-stroke  engine  design  are  given  by  Pouring 
at.  al.  (1987). 
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8CS  Had*  2 

Th«  first  two  SCS  BOd«s  are  r«vl>w«d  h«r« 
rathar  briafly  as  rsfarances  aro  available  to 
gain  further  insight  into  these  nodes.  Since  no 
experlnental  results  have  yet  been  published  on 
Mode  3,  several  examples  are  given  here  to  show 
the  great  potential  of  this  node  to  reduce 
emissions  and  foster  ultra-lean  burn  combustion. 

It  was  found  experimentally  that  the  auto¬ 
ignition  ability  of  the  Mode  1  designs.  Figure  6, 
could  be  transferred  to  Mode  3  by  relocating  the 
secondary  SCS  chamber  to  the  piston  bowl  area  as 
shown  in  Figure  8  and  highly  damping  the 
oscillator.  By  proper  attention  to  the  principles 
of  physical  chemistry  the  SCS  chambers  can  be 
designed  to  act  as  chemical  reaction  chambers  and 
provide  chemically  active  radical  species  to  the 
intake  event  by  fumigaclon  from  the  cavities.  The 
Mode  3  cavity  is  designed  primarily  to  produce 
active  chemical  species  or  radicals  during  one 
engine  cycle  and  conserve  these  species  until  the 
intake  stroke  of  the  next  engine  cycle.  Thus,  the 
new  charge  is  preconditioned  to  react  rapidly 
when  fuel  is  injected. 

D1  Methanol  Fuel  fMlOOl 

Mode  3  designs  can  therefore  be  used  in 
direct  injection  engines  to  ignite  low  cetane 
fuels  such  as  methanol  at  normal  diesel 
compression  ratios;  to  reduce  particulates,  NOx 
and  CO  from  diesel  fuel  and  to  achelve  ultra-lean 
combustion  with  gasoline  fuels. 

The  first  example  of  Mode  3  experimental 
results  is  for  direct  injection  of  methanol 
(MlOO) ,  at  a  compression  ratio  of  17:1.  Ho 
ignition  improver,  no  spark  plug  and  no  In- 
cyllnder  glow  plug  was  required.  Starting  was  via 
a  standard  diesel  flame  glow  plug  in  the  intake 
manifold.  Misfire-free  operation  was  achieved  in 
the  entire  engine  nap  with  no  measurable  smoke 
produced  and  reduced  HOx.  Since  this  work  wrs 
conducted  as  a  feasibility  study  for  a  client,  no 
further  details  can  be  released  at  this  tine. 


An  example  of  combustion  analyzer  results 
for  methanol  is  given  in  Figure  9,  showing  smooth 
^stable  ignition  and  a  rapid  ROHR  at  part  load. 

PX  JtlwcA-.rvitl 

The  second  example  of  Mode  3  experlnental 
results  is  for  direct  injection  of  diesel  fuel  in 
a  single  cylinder  conversion  of  a  Perkins  4.236 
engine,  98  mm  bore  and  127  mm  stroke  with 
compression  ratio  at  16:1.  The  engine  was 
supercharged  with  a  roots  blower,  an  Intercooler 
was  used  and  an  exhaust  back  pressure  regulator 
was  added  to  simulate  a  turbo.  Testing  was 
conducted  with  Phillips  66  D2  reference  fuel. 

Comparing  SCS  with  the  production  baseline, 
for  equal  nozzle  size  (standard) ,  and  equal  load, 
averaged  over  the  range  of  conditions  given 
below,  the  overall  SCS  reduction  in  Bosch  Smoke 


Units  (spot  test)  and  nitric  oxide. 

per  cubic  mm 

Injected  is; 

Average 

Average 

improvement 

improvement 

of  SCS  BSU/arn 

of  NO/mm 

condition 

over  baseline 

over  baseline 

1000  RPM,  1500  RPM 

2000  RPM,  2500  RPM 

(Pull  to  754  load) 

33% 

21% 

Idle 

60% 

38% 

The  average  behavior  of  smoke  and  NO  with 
respect  to  injection  timing  for  the  conditions 
reported  above  is  shown  in  Figure  10. 

The  trade-off  curves,  with  full  load  and 
idle  shown  in  Figure  11,  for  Bosch  Smoke  -  Nitric 
oxide  show  simultaneous  reduction  of  both  smoke 
and  nitric  oxide  for  nearly  all  test  conditions. 
This  is  unique  to  SCS  technology.  Nitric  Oxide  is 
significantly  lower  for  the  SCS  engines  for 
practically  all  load,  speed  and  timing 
conditions.  Including  idle. 


7 


nc.  *.  DI  Itothanol  100  fuol.port  toad  ot  10  MH 


•.(uppar)  Cylindar  praaaura 
b. (Biddla)  Rata  of  praaaura  rlaa 
s.  (leuar)  Variation  of  baxloua  cylindar 
praaaura  for  300  cyclao 


d. (uppor)  Boat  rolaaaa 
a.(aiddla)  Rata  of  boat  rolaaaa 
f.(lovar)  Diatributlon  of  oaxiauo 
cylindar  praaaura  with  raapact  to  TDC 


Por  coaparabla  conditlona,  tha  apaciflc  fual 
eonauaption  la  aqual  (within  axpariaantal  arror) 
at  1000  RPR,  1500  RPR,  3000  RPR  and  idle,  bt  3500 
RPR  (a  vary  difficult  taat  condition  for  thio 
olnqla  cylindar  anqina)  tha  RCS  fual  conau^lon 
ia  appeexiaataly  4t  hiqhar.  Carbon  aenexida  (on  a 
par  aa  inlaetad  baaia) ,  whan  coaparad  ovorall  for 
alt  taat  eondltlona  la  rodueod  on  tha  ordar  of 
30%.  OBburnad  bydroearbMia  woro  not  rocordad  duo 
to  aqulpaant  failura,  but  baaod  on  tba  roaulta 
froa  tbo  aaaa  angina,  nocaally  aapiratad,  tba 


booatod  unbumad  hydrocarbons  should  ba 
aqulvalant  to  tha  baaalina. 

SI  Caaollna  Pual 

nia  final  axaapla  of  Rods  3  oqMrlaantal 
roaulta  la  for  ultra-loan  conbuation  of  spark- 
Ignitad  earburottad  gaaelina  fual  in  a  aingla 
cylindar  angina,  h  aingla  cylindar  ovorhaad  valva 
angina  was  rooenfigurod  so  that  a  eoapariaen 
oould  ba  nada  at  aaarly  agual  eonproaaion  ratio 


d 


(8:1)  with  aqual  rod  lengths,  rod  piston  weights, 
etc.  The  SCS  intake  sanifold  was  also  sodlfied  so 
that  norsally  aspirated  secondary  air  could  be 
adaitted  in  a  controlled  Banner.  A  spark-ignited 
piston  design  based  on  Hode  3,  Figure  8,  wa« 
used. 


PEfHdNS  4.236  SINGLE  CYUNDER  CONVERSION 
BOOSTED  SMOKE  REDUCTION  STUDY.  0-2  DIESEL  FUEL 
1000  +1500  +  2000  ♦  2500  RPM  .31mm  INJECTOR 
SUUMADON  FROM  FUa  LOAD  TO  7Ss  LOAD 


FIG.  10.  DI  dleeel  fuel,  Bosch  saoke-NO, 
injection  tinlng. 

Figure  12  shows  typical  perforaance  of  this 
angina  design  at  part  throttle,  1800  RPM  and  MBT 
spark . 

First,  with  respect  to  torque,  the  baseline 
engine  has  the  typical  drop-off  in  torque  as  fuel 
flow  is  reduced  through  saaller  jetting  while  the 
SCS  leanout  curve  aaintalns  torque  at  or  slightly 
higher  than  at  the  start,  than  drops  off  after 
the  ainlaua  BSFC  is  reached  at  an  air-fuel  ratio 
of  23:1.  The  lean  aiaflre  Halt  (UCL)  is  at  38:1. 

This  last  point  should  be  re-eaphasised. 
There  is  a  difference  of  6  air-fuel  ratios 
between  the  ainiaua  in  BSFC  and  UIL.  This  factor 
alone  would  allow  excellent  driveability  since 
engine  calibration  near  the  ainlaua  in  BSFC  would 
not  encounter  aisfire  ae  is  evident  in  the 


baseline  engine  where  the  ainiaua  in  BSFC  is  at 
an  air-fuel  ratio  of  16:1  and  the  LML  is  at 
16.5:1,  the  last  point  plotted. 

It  is  seen  that  SCS  CO  and  NO,  the  two 
paraaeters  aost  indicative  of  a  change  in  the 
character  of  coabustion,  are  both  displaced  to 
higher  air-fuel  ratios  than  the  baseline.  This  is 
because  the  SCS  secondary  air  technique  allows 
stratification  of  the  charge  in  the  cylinder  with 
a  richer  charge  at  the  spark  plug,  leaner  at  the 
piston  face.  The  different  behavior  of  the 
eaissions  between  the  SCS  stratified  charge  and 
the  hoBogeneous  charge  baseline  is  clearly  seen. 


NITRIC  OXIDE  (PPM) 

FIG.  11.  DI  diesel  fuel,  Bosch  saoke-NO  trade 
oft  curves. 

The  rise  in  unburned  hydrocarbons  beyond  an 
air-fuel  ratio  of  18:1  aay  or  nay  not  be 
associated  with  the  combustion  process.  Due  to 
the  fabrication  technique  of  using  a  stock  piston 
skirt  and  ring  pack,  the  piston  coapresslon 
height  had  an  unusually  long  crevice  voluae.  It 
Is  expected  that  iaproved  piston  design  in  the 
future  will  correct  this  feature. 
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NOi  {firm)  CO  M  TOROUe  (RHba) 


O 


I 

ij 


FIG.  12.  SI  gasoline  fuel,  part  load  lean-out 
curves. 


DI  nethanol  engines  indicates  that  ci 
is  possible  for  even  the  lowest  cetane, 
hard  to  ignite  fuels,  allowing  the 
efficiency  increase  inherent  with  DI 
conpression  ratios. 

o  DI  diesel  engines,  with  simultaneous 
reduction  of  smoke  (particulates)  and 
NO,  counters  the  classical  trade-off  of 
"lower  smoke  gives  higher  NO". 

These  results  demonstrate  that  a  new  generic 
engine  design  variable  (in  addition  to  injection 
timing,  compression  ratio,  swirl,  etc.)  is 
available  for  in-cylinder  control  of  ignition  and 
combustion  in  IC  engines  —  namely  —  chemical- 
acoustic  charge  conditioning. 
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Since  the  experimental  results  for  SI 
combustion  indicate  the  SCS  process  is  not 
ignition  limited,  it  appears  that  the  ignition 
energy  is  lowered  as  postulated  earlier.  The  wide 
margin  between  the  minimum  in  BSFC  and  IXL  was 
seen  throughout  the  engine  nap  with  this  design. 

It  can  be  concluded  that  with  the  Mode  3 
SCS,  a  practical  loan  burn  syotom  capable  of 
running  at  the  maximum  theoretical  combustion 
efficiency  (air-fuel  ratio  -  20; 1)  has  been 

achieved  and  should  be  transferred  to  automotive 
applications. 

CONCLUSIONS 

The  ascperincntal  evidence  for  the  latest  SCS 
Mode  3  design  for: 

o  SI  gasoline  engines  indicates  that  lean 
bum  at  maximum  combustion  efficiency 
is  possible,  without  encountering 
combustion  instability. 
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EVALUATIOM  HATRIX  DATA  SHEET 
ENGINE  DESCRIPTION 


ENGINE  HANUFACTURER: 
ENGINE  DESIGNATION; 
RATED  POWER  '5  RPfl: 
tiAXinun  POWER  (*  RPn*. 
STROKES  PER  CYCLE: 
VALVE  TRAIN: 

PISTON  DESIGN: 
DISPLACEFIEMT  (CU  IN); 
BORE  i IN) ; 

STROKE  (IN): 
COMPRESSION  RATIO: 
dry  WEIGHT  (LE:: 


HONDA 
GlOO  K1 
1.6  0  5600 
Z.2  d  A200 
FOUR  (A) 
SIDE  VALVE 
FLAT  TOP 
A .  6  3 
i  .61 
1 .61 
6.0:1 
19 


OPTION:  A.  STARTING  FLUID 

B.  FUEL  VAPORIZER  AND  BATTERY 

C.  DIRECT  INJECTION 

A.  INITIAL  COST  ($/KW) 

1.  PROCUREMENT  COST 

A.  LIST  PRICE; 

B.  HP  e  3600  RPM; 

C.  HP  USING  KEROSENE; 

D.  GENERATING  CAPACITY: 

E.  PROCUREMENT  COST  ($/KW): 

2.  MODIFICATION  COST  ($/KW) 

A.  COMBUSTION  CHAMBER  GEOMETRY 

HEAD  GASKET  IQ'-.  <<< 

HEAD  MODIFICATIONS  20^ 

PISTON  MODIFICATIONS  2l\ 

PERCENTAGE;  10  COST;  $  27.00 


270.00 
1.6  HP 
1.20  HP 
0.60  KW 
A50.00  PER  KW 


B.  PISTON  RING  MODIFICATION 
2  STROKE/CYCLE  0^. 

A  STROKE/CYCLE  25‘. 

ROTARY  O:-. 

PERCENTAGE;  25  COST;  $  67.50 

C.  IGNITION  SYSTEM 
TIMING  RETARD  lOV 
HOT  SPARK  &  PLUG  25'. 

PERCENTAGE;  10  COST;  t  27.00 

D.  FUEL  DELIVERY  SYSTEM 

CARBURETOR  JETS  5'/.  <,<•. 

FUEL  VAPORIZER  25'-; 

DIRECT  INJECTION  200'. 

PERCENTAGE:  5  COST;  t  13.50 

3.  GENERATOR  COST  $  270.00 


t  A50.00  PER  KW 


Figure  B-1 


$ 


total  MOD.  COST: 
total  mod.  COST  PER  KW 


i  A05.00 
%  675.00  PER  KW 


675.00  PER  KW 


c>* 


B.  ENGINE  LIFE  COST  ($/KW) 


1.  PROCUREHENT  COST  (f/KW)  t  450.00  PER  KW 

,  nOD  COST  LESS  GEN  COST  $  225.00  PER  KW 

.  SPARE  COST 

FOUR  STROKE/CYCLE  dOO’.) 

TWO  STROKE/CYCLE  &  ROTARY  (66. 7^) 

PERCENTAGE:  100  COST:  i  675.00  PER  KW  i  s75.00  PER  KW 


C.  TDTAL  ENGINE  PROCUREtlENT  .  MODI  F  I  CAT  IQ^.  and  dIFE  C-iCLE  COST; 

D.  operating  cost  ($/KW-HR; 


i  1.300.00  FER  KW 


1.  MAINTENANCE  EXPENSE  i 

:.  FUEL  EXPENSE 

4-STROKE  0  f.22/KW-HR  •  ■: 

ROTARY  0  $.26/KW-HR 
2-STROKE  0  $.29/KW-HF. 

$ 

3.  SPECIAL  FLUIDS  EXPENSE 

LOW  ASH  OIL-2  STROKE  &  ROTARY  $ 
STARTING  FLUID  % 

4.  SPECIAL  EQUIPriENT 

STARTING  BATTERY  OPTION  ONLY 
4-  STROKE  (510 
2  STROKE  &  ROTARY  (8.33T.) 
PERCENTAGE:  0  COST;  $ 


1.13  PER  r.W-HP 


0.22  FER  KW-HR 

0.00  PER  KW-HR 
0.05  PER  KW-HR 


0.00  PER  KW-HR 


5.  TOTAL  OPERATING  COST 


1.40  PER  KW-HR 


t  1.40  PER  KW-HR 


E.  TOTAL  PROCUREMENT  AND  OPERATING  COST  (ASSUMES  1000  HRS  OPERATION)  $  3.199.50  PER  KW 


F.  ENGI^4E  PERFORMANCE 


1.  WEIGHTS 

A.  ENGINE 

B.  GENERATOR 

C.  FUEL  VAPORIZER  &  BATTERY 

D.  FUEL  INJECTION  SYSTEM 

E.  FUEL  (4-HR  MISSION) 

F.  CRANKCASE  OIL 

G.  TOTAL  WEIGHT 

H.  POWER  OUTPUT 

I.  POWER  density 

J.  WEIGHT  PER  UNIT  POWER 

K.  VOLUME  PEP  UNH  =GWEP 


19.0  LB 
19.0  LB 
0.0  LB 
0.0  LB 

2.4  LB 

2.5  LB 
42.9  LB 

0.6  KW 
0.014  KW/LB 
71.5  LB/ KW 

CU  FT/-W 


STARTING  RELIABILITY 

A.  starting  FLUID 

B.  BATTER) 

C .  MANUAL 


95‘. 
9  5'. 
P9-. 


3.  COLD  START  LIMIT  .:hl.L; 

4.  NOISE  LEVEL 

A.  ROTARY 

B.  4-STROKE 

C.  2-STROKE 

5.  IR  signature 

A.  4-STROKE 

B.  2-STROKE 

C.  ROTARY 

6.  EMI/RFI  SIGNATURE 

A.  starting  fluid 

B.  FUEL  VAPORIZER  &  BATTERY 

C.  DIRECT  INJECTION 


-OOF 


100-. 

110'. 

120*. 


<« 

130'. 

150*-; 


NO  CHANGE  FROM  GASOLINE 
NO  CHANGE  FROM  GASOLINE 
SIGNIFICANT  but  UNSPECIFIED 
INCREASE 


EVALUATIDM  MATRIX  DATA  SHEET 


ENG  I  ME  DESCRIP'^IDM 


ENGINE  HANUFACTURER: 
ENGINE  DESIGNATION: 
RATED  POWER  0  RPtl: 
riAXIPIUn  POWER  0  RPM: 
STROKES  PER  CYCLE: 
VALVE  TRAIN: 

PISTON  DESIGN: 
DISPLACE'IENT  (CL  IN): 
BCPE  (IN): 

STROKE  ,  I:-i )  : 
COnPRESSIOM  RATIO: 

DRY  WEIGHT  (LB): 


HONDA 
GlOO  K1 
1.6  0  3600 
Z.Z  0  ^200 
FOUR  (-T) 
SIDE  VALVE 
FLAT  TOP 
A .  6  3 
1 .81 


OPTION:  A. 

B. 

C. 


STARTING  FLUID 

FUEL  VAPORIZER  AND  BATTERY 

DIRECT  INJECTIOfJ 


A.  INITIAL  COST  ($/KW) 

1.  PROCUREMENT  COST 

270.00 
1.6  HP 
1.20  HP 
0.60  KW 
A50.00  PER  KW 


A.  LIST  PRICE;  ♦ 

B.  HP  0  3600  RPM; 

C.  HP  USING  KEROSENE; 

D.  GENERATING  CAPACITY; 

E.  PROCUREMENT  COST  ($/KW);  » 


450.00  PER  KW 


2.  MODIFICATION  COST  ($/KW) 

A.  COMBUSTION  CHAMBER  GEOMETRY 
HEAD  GASKET  10*-. 

HEAD  MODIFICATIONS  20^ 

PISTON  MODIFICATIONS  25T.  ■  <,<, 

PERCENTAGE;  25  COST:  %  67.50 


B.  PISTON  RING  MODIFICATION 
2  STROKE/CYCLE  0\ 

4  STROKE/ CYCLE  25’.  ■-<.< 

ROTARY  O’. 

PERCENTAGE:  25  COST;  $  67.50 

C.  IGNITION  SYSTEM 

TIMING  RETARD  10'.  '-LL 
HOT  SPARK  8,  PLUG  25*; 

PERCENTAGE:  10  COST;  1  27.00 


D.  FUEL  DELI  ERY  SYSTEM 

CARBURETOR  JETS  5‘:  ■.<.< 

FUEL  VAPORIZER  25’i 
DIRECT  INJECTION  200’. 

PERCENTAGE;  30  COST;  t  81.00 


Figure  B-2 


3.  GENERATOR  COST 


270.00 


TOTAL  MOD.  COST: 

TOTAL  MOD.  COST  PER  KW 


♦  513.00 

$  855.00  PER  KW 


$  855.00  PER  KW 


B.  ENGINE  LIFE  COST  ($/KWj 


1.  PROCUREMENT  COST  ($/KU)  t  450.00  PER  KW 

Z.  MOD  COST  LESS  GEN  COST  f  405.00  PER  KW 

3.  SPARE  COST 

FOUR  STROKE/CYCLE  (100\) 

TWO  STROKE/CYCLE  &  ROTARY  (66.7*.) 

PERCENTAGE:  lOO  C0£Y:  i  855.00  PFR  KW 


C.  TOTAL  ENGINE  PROCUREMENT .MODIFICATION. 


■  ir  t 


CYCLE  COST; 


D.  operating  cost  ($/KW-HR' 


1.  MAINTENANCE  EXPENSE  i 

2.  FUEL  EXPENSE 

4-STROKE  0  i.22/KU-HR  <;■• 

ROTARY  <?  i.26/KU-HR 
2-STROKE  0  i.29/KW-HR 

t 

3.  SPECIAL  FLUIDS  EXPENSE 

LOW  ASH  OIL-2  STROKE  &  ROTARY  % 
STARTING  FLUID  t 

4.  SPECIAL  EQUIPMENT 

STARTING  BATTERY  OPTION  ONLY 
4-  STROKE  (5*^) 

2  STROKE  &  ROTARY  (8.335i) 
PERCENTAGE;  5  COST;  % 


1.13  PER  KW-HR 


0.22  PER  KW-HR 

0.00  PER  KW-HR 
0.00  PER  KW-HR 


0.08  PER  KW-HR 


5.  TOTAL  OPERATING  COST 


1.43  PER  KW-HR 


f  855.00  PER  KW 


J  2.160.00  PER  KW 


%  1.43  PER  KW-HR 


E.  TOTAL  PROCUREMENT  AND  OPERATING  COST  (ASSUMES  1000  HRS  OPERATION)  i  3.592.83  PER  KW 


F.  ENGINE  PERFORMANCE 


1.  WEIGHTS 

A.  ENGINE 

B.  GENERATOR 

C.  FUEL  VAPORIZER  &  BATTERY 

D.  FUEL  INJECTION  SYSTEM 

E.  FUEL  (A-HR  MISSION) 

F.  CRANKCASE  OIL 

G.  TOTAL  WEIGHT 

H.  POWER  OUTPUT 

I.  POWER  DENSITY 

J.  WEIGHT  PER  UNIT  POWER 

K.  VOLUME  PER  UNIT  POWER 

Z.  STARTING  RELIAEILIT; 

A.  STARTING  FLUID 

B.  BATTERY 

C.  MANUAL 

COLD  START  LIMIT  'ALL. 

A.  NOISE  LEVEL 

A.  ROTARY 

B.  4-STROKE 

C.  Z-STROKE 

5.  IR  SIGNATURE 

A.  4-STROKE 

B.  2-STROKE 

C.  ROTARY 

6.  EMI/RFI  SIGNATURE 

A.  STARTING  FLUID 

B.  FUEL  VAPORIZER  &  BATTERY 

C.  DIRECT  INJECTION 


19.0 

LB 

19.0 

LB 

6.0 

LB 

0.0 

LB 

2.4 

LB 

LB 

48.9 

LB 

0.6 

KW 

0.012 

KW/LE 

81.5 

LB/KW 

CU  FT  -"KW 

9  S'. 

95'.  ■.  ■  '■ 
99‘i 

-20F 


lOO'i 

110'.  ■■  ■. 
120*; 


100*J  <« 
1Z0\ 

150*; 


NO  CHANGE  FROM  GASOLINE 
NO  CHANGE  FROM  GASOLINE 
SIGNIFICANT  BUT  UNSPECIFIED 
INCREASE 


EVALUATION  RATRIX  DATA  SHEET 
ENGINE  DESCRIPTION 


ENGINE  MANUFACTURER: 
ENGINE  DESIGNATION; 
RATED  POWER  9  RPM: 
MAXinUM  POWER  <3  RPil: 
STROKES  PER  CYCLE: 
VALVE  TRAIN: 

PISTON  DESIGN: 
DISPLACEMENT  (CU  IN): 
BORE  (IN): 

STROKE  (IN); 
COMPRESSION  RATIO: 

DRY  WEIGHT  (LB): 


OPTION:  A.  STARTING  FLUID 

B.  FUEL  VAPORIZER  AND  BATTERY 

C.  DIRECT  INJECTION 

A.  INITIAL  COST  ($/KW) 

1.  PROCUREMENT  COST 

A.  LIST  PRICE; 

B.  HP  3  3600  RPM; 

C.  HP  USING  KEROSENE; 

D.  GENERATING  CAPACITY; 

E.  PROCUREMENT  COST  ($/KU): 

2.  MODIFICATION  COST  ($/KW) 

A.  COMBUSTION  CHAMBER  GEOMETRY 
HEAD  GASKET  10*< 

HEAD  MODIFICATIONS  ZO*i 
PISTON  MODIFICATIONS  <<< 

PERCENTAGE:  25  COST:  $  67,50 

B.  PISTON  RING  MODIFICATION 
2  STROKE/CYCLE  OT; 

A  STROKE/CYCLE  25V  •  <■'< 

rotary  0‘. 

PERCENTAGE;  25  COST;  $  67.50 

C.  IGNITION  SYSTEM 

TIMING  RETARD  lOV  <<< 

HOT  SPARK  &  PLUG  257.  •'<< 

PERCENTAGE;  35  COST:  $  9A.50 

D.  FUEL  DELIVERY  SYSTEM 
CARBURETOR  JETS  57. 

FUEL  VAPORIZER  257. 

DIRECT  INJECTION  2007.<<.' 

PERCENTAGE:  200  COST;  t  5A0.00 

3.  GENERATOR  COST  %  270.00 


$  270,00 

1.6  HP 
1.20  HP 
0.60  KW 

$  A50.00  PER  KW 


HONDA 
GlOO  K1 
1.6  3  36C0 
2.2  3  A20C 
FOUR  (A) 
SIDE  VALVE 
FLAT  TOP 
A. 63 
1.31 
1.81 
6 .  !■ :  1 
19 


$  A50.00  PER  KW 


Figure  B-3 


TOTAL  MOD.  COST; 

TOTAL  MOD.  COST  PER  KW; 


$1,039.50 
$1,732.50  PER  KW 


$  1.732.50  PER  KW 


B.  ENGINE  LIFE  COST  ($/KW) 

1.  PROCUREMENT  COST  ($/KW)  $  450.00  PER  KW 

2.  MOD  COST  LESS  GEN  COST  $1,282.50  PER  KW 

3.  SPARE  COST 

FOUR  STROKE/CYCLE  dOO’;)  «•'. 

TWO  STROKE/CYCLE  &  ROTARY  (66. 7‘;) 

PERCENTAGE:  100  COST:  $1,732.50  PER  KW  $  1.732.50  PER  KW 


C.  TOTAL  ENGINE  PROCUREMENT .MODIFICATION.  AND  LIFE  CYCLE  COST: 

D.  OPERATING  COST  (I.^KW-HR) 


1.  MAINTENANCE  EXPENSE  $ 

2.  FUEL  EXPENSE 

4-STROKE  0  $.72/KW-HR 
ROTARY  0  $.26/KW-HR 
2-STROKE  0  $.29/KW-HR 

3.  SPECIAL  FLUIDS  EXPENSE 

LOW  ASH  OIL-2  STROKE  &  ROTARY  $ 
STARTING  FLUID  $ 

4.  SPECIAL  EQUIPMENT 

STARTING  BATTERY  OPTION  ONLY 
4-  STROKE  (5*/.) 

2  STROKE  &  ROTARY  (8.33V.) 
PERCENTAGE:  0  COST;  $ 


1.13  PER  KW-HR 


0.22  PER  KW-HR 

0.00  PER  KW-HR 
0.00  PER  KW-HR 


0.00  PER  KW-HR 


5.  TOTAL  OPERATING  COST 


$  1.35  PER  KW-HR 


$  3. 91 5, 00  PER  KW 


$  1.35  PER  KW-HR 


E.  TOTAL  PROCUREMENT  AND  OPERATING  COST  (ASSUMES  1000  HRS  OPERATION)  $  5.264.50  PER  KW 


F.  ENGINE  PERFORriANCE 


1 . 


5. 


WEIGHTS 


A.  ENGINE 

19.0 

LB 

B.  GENERATOR 

19.0 

LB 

C.  FUEL  VAPORIZER  &  BATTERY 

0.0 

LB 

D.  FUEL  INJECTION  SYSTEM 

5.0 

LB 

E.  FUEL  (4-HR  MISSION) 

2.4 

LB 

F,  CRANKCASE  OIL 

2.5 

LB 

G.  TOTAL  WEIGHT 

47.9 

LB 

H.  POWER  OUTPUT 

0.6 

KW 

I.  POWER  DENSITY 

0.013 

KW/LB 

J.  WEIGHT  PER  UNIT  POWER 

79.6 

LB/KW 

K.  VOLUME  PER  UNIT  POWER 

cu  ft/kw 

starting  reliability 

A.  starting  fluid 

9  5*. 

B.  BATTERY 

95*. 

C.  MANUAL 

99*. 

‘  -  < 

COLD  START  LIMIT  ( ALL  ' 

-20F 

NOISE  LEVEL 

A.  ROTARY 

100*. 

B.  4-STROKE 

HOT. 

C.  2-STROKE 

120*. 

R  SIGNATURE 

A.  4-STROKE 

lOOTi 

<<< 

B.  2-STROKE 

130Ti 

C.  ROTARY 

ISOTi 

6.  EMI/RFI  SIGNATURE 

A.  starting  fluid 

B.  FUEL  VAPORIZER  &  BATTERY 

C.  DIRECT  INJECTION 


NO  CHANGE  FROU  GASOLINE 
NO  CHANGE  FROH  GASOLINE 
SIGNIFICANT  BUT  UNSPECIFIED 
INCREASE 


evaluation  matrix  data  sheet 


ENGINE  DESCRIPTION 


ENGINE  MANUFACTURER: 
ENGINE  DESIGNATION: 
RATED  POWER  0  RPM: 
MAXIMUM  POWER  0  RPM: 
STROKES  PER  CYCLE: 
VALVE  TRAIN: 

PISTON  DESIGN: 
DISPLACEMENT  (CU  IN): 
BORE  ( IN) : 

STROKE  (IN): 
COMPRESSION  RATIO: 

DRY  WEIGHT  (LB)  : 


BRIGGS  STRATTON 
QT-A 

3.2  0  3600 
3.8  0  3600 
FOUR  (A) 

OVERHEAD 
BOWL- IN-FI  ST ON 

?.ie 

2.!'6 

i.7S 

3.5:1 

23 


OPTION:  A.  STARTING  FLUID 

B.  FUEL  VAPORIZER  AND  BATTERY 

C.  DIRECT  INJECTION 

A.  INITIAL  COST  ($/KW) 

1.  PROCUREMENT  COST 

A.  LIST  PRICE:  $ 

B.  HP  0  3600  RPM: 

C.  HP  USING  KEROSENE: 

D.  GENERATING  CAPACITY: 

E.  PROCUREMENT  COST  (»/KW):  $ 

2.  MODIFICATION  COST  ($/KW) 

A.  COMBUSTION  CHAMBER  GEOMETRY 
HEAD  GASKET  lOV.  <<< 

HEAD  MODIFICATIONS  20'/. 

PISTON  MODIFICATIONS  25)1 

PERCENTAGE:  10  COST;  %  20.00 

B.  PISTON  RING  MODIFICATION 
2  STROKE/CYCLE  0): 

A  STROKE/CYCLE  257.  <<< 

ROTARY  07. 


PERCENTAGE: 

25 

COST:  $ 

50.00 

c 

.  IGNITION  SYSTEM 

TIMING  RETARD  107. 
HOT  SPARK  &  PLUG 

25-1 

<<< 

PERCENTAGE: 

10 

COST:  $ 

20.00 

D 

.  FUEL  DELIVERY  SYSTEM 

CARBURETOR  JETS  5 

V 

<<< 

FUEL  VAPORIZER  25)1 

DIRECT  INJECTION 

2007. 

PERCENTAGE: 

5 

COST;  $ 

10.00 

3. 

GENERATOR  COST 

$ 

200.00 

TOTAL  MOD.  COST: 

» 

300.00 

TOTAL  MOD.  COST  PER 

KW: 

$ 

250.00  PER  KW 

200.00 
3.2  HP 
2. AO  HP 
1.20  KW 
166.67  PER  KW 


$  166.67  PER  KW 


Figure  B-4 


$ 


250.00  PER  KW 


B.  ENGINE  LIFE  COST  (f/KWJ 


1 . 

PROCUREHENT  COST  ($/KU) 

166.67 

PER 

KW 

4  • 

(MOD  COST  LESS  GEN  COST 

SPARE  COST 

83.33 

PER 

KW 

FOUR  STROKE/CTCLE  (100-0  <<  . 

TWO  STROKE/CYCLE  &  ROTARY  (66.7'.) 


PERCENTAGE:  100  COST:  $  250.00  PER  KW  $  250.00  PER  KW 


^OThL  engine  PROCUPEnENT. (MODIFICATION. 


hND  LIAE  cycle  CCET: 


D.  OPERATING  COST  ;$/KW-HR) 


1.  (MAINTENANCE  EXPENSE  $ 

2.  FUEL  EXPENSE 

A-STROKE  A  t.22/KW-HR 
ROTARY  9  «.26/KW-HR 
2-STROKE  9  $.29/KW-Hfi 

i 

Z.  SPECIAL  FLUIDS  EXPEt-JSE 

LOU  ASH  OlL-2  STROKE  &  ROTARY  » 
STARTING  fluid  <t 

A.  SPECIAL  EQUIPHENT 

STARTING  BATTERY  OPTION  ONLY 
4-  STROKE  (5'/.) 

2  STROKE  &  ROTARY  (8.33*-:) 
PERCENTAGE:  0  COST:  * 


0.A2  PER  KW-HR 


0.22  PER  KW-HR 

0.00  PER  KW-HR 
0.05  PER  KW-HR 


0.00  PER  KW-HR 


5.  total  OPERATING  COST 


0.69  PER  KW-HR 


i  6  66.67  PER  W 


t  0.69  PER  KW-HR 


E.  TOTAL  PROCUREHENT  AND  OPERATKxlG  COST  (ASSUdES  1000  HRS  OPERATION)  $  1.353.33  PER  KW 


F.  ENGINE  PERFORMANCE 


1.  WEIGHTS 

A.  ENGINE 

B.  GENERATOR 

C.  FUEL  VAPORIZER  &  BATTERY 

D.  FUEL  INJECTION  SYSTEM 

E.  FUEL  (A-HR  MISSION) 

F.  CRANKCASE  OIL 

G.  TOTAL  WEIGHT 

H.  POWER  OUTPUT 

I.  POWER  density 

J.  WEIGHT  PER  UNIT  POWER 

K.  VOLUME  PER  UNIT  POWER 

Z.  STARTING  RELIABILITY 

A.  starting  fluid 

B.  BATTERY 

C.  MANUAL 

3.  COLD  START  LIMIT  (ALL ) 

A.  NOISE  LEVEL 

A.  ROTARY 

B.  A-STROKE 

C.  2-5TROKE 

D.  IR  SIGNATURE 

A.  A-STROKE 

B.  2-STROKE 

C.  ROTARY 

6.  EMI/RFI  SIGNATURE 

A.  STARTING  FLUID 

B.  FUEL  VAPORIZER  &  BATTERY 

C.  DIRECT  INJECTION 


28.0  LB 
28.0  LB 
0.0  LB 
-  0.0  LB 
A. 8  LB 
2.5  LB 
63 .3  LB 
1.20  KW 
0.01'?  KW/LE 
52.8  LB/KW 

CU  FT/KW 


9  5‘. 

99\ 

-20F 


100*. 

no-.  ‘  ; 
120% 


100%  <<< 
130% 

150% 


NO  CHANGE  FROM  GASOLINE 
NO  CHANGE  FROM  GASOLINE 
SIGNIFICANT  BUT  UNSPECIFIED 
INCREASE 


EVALUATIOM  MATRIX  DATA  SHEET 
ENGINE  DESCRIPTION 


ENGINE  MANUFACTURER: 
ENGINE  DESIGNATION: 
RATED  POWER  (J  RPM: 
maximum,  power  <3  RPM; 
STROKES  PER  CYCLE: 
VALVE  TRAIN: 

PISTON  DESIGN: 
displacement  (CU  IN); 
BORE  (IN): 

STROKE  iirTi: 
COMPRESSION  RATIO: 
dry  WEIGHT  (LB): 


BRIGGS  &  STRATTON 
QT-A 

3.2  (2  3600 
3.8  <3  3600 
FOUR  (A) 

OVERHEAD 

BOWL-IN-PISTON 

9.15 

2,^-6 

1.7S 

e.S;i 

28 


OPTION:  A. 

starting  fluid 

B. 

FUEL  vaporizer  AND  BATTER 

C. 

DIRECT  injection 

A.  initial  cost  l$/KW) 

1.  PROCUREMENT  COST 


A.  list  PRICE: 

«  200.00 

B.  HP  (3  3600  RPM: 

3.2 

HP 

C.  HP  USING  KEROSENE: 

2.  AO 

HP 

D.  generating  CAPACITY: 

1.20 

KW 

E.  PROCUREMENT  COST  ($/KW): 

«  166.67 

PER 

2.  MODIFICATION  COST  ($/KW) 

A.  COMBUSTION  CHAMBER  GEOMETRY 
HEAD  GASKET  lOT. 

HEAD  MODIFICATIONS  20L 
PISTON  MODIFICATIONS  2S\ 

PERCENTAGE:  25  COST:  $  00.00 

B.  PISTON  RING  MODIFICATION 

2  STROKE/CYCLE  O’-: 

A  STROKE/CrCLE  25''. 

rotary  0*. 

PERCENTAGE:  20  COST;  %  50.00 

C.  IGNITION  SYSTEM 
TIMING  retard  10>. 

HOT  SPARK  &  PLUG  25T. 

PERCENTAGE:  10  COST;  $  20.00 

D.  MUEL  DELIVERv  SYSTEM 

CARBURETOR  JETS  5''.  ■  ■ 

fuel  VAPORIZER  2  5’.  • 

DIRECT  INJECTION  200-. 

PERCENTAGE:  30  COST:  »  60.00 

->  •  GENERATOR  COST  «  oo 


»  166.67  PER  KW 


Figure  B-5 


total  mod.  COST: 

total  mod.  COST  PER  KW: 


»  380.00 

*  316.67  PER  KW 


« 


316.67  PER  KW 


L-4  ro 


B.  ENGINE  LIFE  COST  ($/KUI) 


1.  cROCURErihNT  COST  ($/KW)  $  166.67  PER  KW 

.  nOD  COST  LESS  GEN  COST  $  150.00  PER  KW 

.  SPARE  COST 

FOUR  STROKE/CYCLE  (lOOM 

TWO  STROKE/CYCLE  &  ROTARY  i66.7‘. ) 

PERCENTAGE:  100  COST;  $  316.67  PER  KW  t  316.67  PER  KW 


C  . 


'OTAL  ENGINE  PROC'JREPIENT  .PODIFMATICr:. 


AMI’  LIFE  CYCLE  COST: 


i  BOO. 00  PER  KW 


operating  COST  ($/KU-HP' 


1.  HAINTENANCE  EXPENSE  i 

2.  FUEL  EXPENSE 

A-STROKE  ?  $.ZZ/KW-HR 
■ROTARY  <?  $,Z6/KW-HR 
2-STROKE  0  $.29/KW-HR 

$ 

3.  SPECIAL  FLUIDS  EXPENSE 

LOW  ASH  oil-2  stroke  i  ROTARY  i 
STARTING  FLUID  % 

A.  SPECIAL  EQUIPMENT 

STARTING  BATTERY  OPTION  ONLY 
4-  STROKE  (5>.) 

2  STROKE  &  ROTARY  (8.33';) 
PERCENTAGE:  5  COST;  $ 


0.4Z  PER  KW-HR 


0.22  PER  KW-HR 

0.00  PER  KW-HR 
0.00  PER  KW-HR 


0.04  PER  KW-HR 


5.  TOTAL  OPERATING  COST 


0.68  PER  KW-HR 


%  0.68  PER  KW-HR 


E.  TOTAL  PROCUREMENT  AND  OPERATIfJG  COST  (ASSUMES  1000  HRS  OPERATION)  $  1.478.33  PER  KW 


F.  ENGINE  performance 


1.  WEIGHTS 

A.  ENGINE 

B.  GENERATOR 

C.  FUEL  VAPORIZER  &  BATTERY 

D.  FUEL  INJECTION  SYSTEM 

E.  FUEL  (4-HR  MISSION) 

F.  CRANKCASE  OIL 

G.  TOTAL  WEIGHT 

H.  POWER  OUTPUT 

I.  POWER  DENSITY 

J.  WEIGHT  PER  UNIT  POWER 

K.  VOLUME  PER  UNIT  POWER 

2  .  STAFTirJC-  PELiAEILI  ^  i 

A.  STARTING  FLUID 

B.  BATTER) 

C.  MAt-lUAL 

3.  COLD  START  LIMIT  i ALL  ) 

4.  NOISE  level 

A.  ROTARY 

B.  4-STROKE 

C.  2-STROKE 

5.  IR  signature 

A.  4-STROKE 

B.  2-STROKE 

C.  ROTARY 

6.  EMI/RFI  SIGNATURE 

A.  STARTING  FLUID 

B.  FUEL  VAPORIZER  &  BATTERY 

C.  DIRECT  INJECTION 


28. C  LB 
28.0  LB 
6.0  LB 
0.0  LB 

4.5  LB 

2.5  LB 
69.3  LB 
1.20  KW 

0.017  KW/LB 
57.8  LE/KW 

CU  FT  ■  I.  w 


c  ^  * 

-20!^ 


ICO*. 

no*.  . 

■20*^ 


lOO'^C  <<'. 

130'i 

150T. 


NO  CHANGE  FROM  GASOLINE 
NO  CHANGE  FROM  GASOLINE 
SIGNIFICANT  BUT  UNSPECIFIED 
INCREASE 


EVALUATION  MATRIX  DATA  SHEET 


ENGINE  DESCRIPTION 


ENGINE  MANUFACTURER:  BRIGGS  &  STRATTON 

ENGINE  DESIGNATION:  QT-A 

RATED  POWER  Q  RPM:  0,2  Q  3600 

MAXinUM  POWER  <s  RPM:  3.B  3600 

STROKES  PER  CYCLE:  FOUR  ( ) 

VALVE  TRAIN:  OVERHEAD 

PISTON  DESIGN:  BOWL-IN-PISTON 


DISPLACEMENT  t CU  IN):  ?.13 
BORE  {IN):  2.56 
STROKE  (IN):  1.73 
COMPRESSION  RATIO:  8.5:1 
DRY  WEIGHT  (LB):  26 


OPTION:  A.  STARTING  FLUID 

B.  FUEL  VAPORIZER  AMD  BATTERY 

C.  DIRECT  INJECTION 

A.  INITIAL  COST  ($/KW) 

1.  PROCUREMENT  COST 

A.  LIST  PRICE: 

B.  HP  a  3600  RPM: 

C.  HP  USING  KEROSENE: 

D.  GENERATING  CAPACITY: 

E.  PROCUREMENT  COST  ($/KW): 


2.  MODIFICATION  COST  ($/KW) 

A.  COMBUSTION  CHAMBER  GEOMETRY 
HEAD  GASKET  lOV. 

HEAD  MODIFICATIONS  ZOZ 
PISTON  MODIFICATIONS  25’'-.  <<< 

PERCENTAGE:  25  COST:  %  50.00 

B.  PISTON  RING  MODIFICATION 
2  STROKE/CYCLE  0’'1 

A  STROKE/CYCLE  25’l  L<-. 

ROTARY  O’. 

PERCENTAGE:  25  COST:  %  50.00 

C.  IGNITION  SYSTEM 

TIMING  RETARD  10'.  <<< 

HOT  SPARK  &  PLUG  25’i  <<< 

PERCENTAGE:  35  COST;  $  70.00 

D.  FUEL  DELIVERY  SYSTEM 
CARBURETOR  JETS  5’1 
FUEL  VAPORIZER  2y< 

DIRECT  INJECTION  200’L<<-. 

PERCENTAGE:  200  COST;  $  400.00  rlgUrC  B-6 

3.  GENERATOR  COST  ♦  200.00 

TOTAL  MOD.  COST;  %  770.00 

TOTAL  MOD.  COST  PER  KW;  »  641.67  PER  KW  %  641.67  PER  KW 


$  200.00 

3.2  HP 
2.40  HP 
1.20  KW 

$  166.67  PER  KW  $  166.67  PER  KW 


engine  life  cost  (f/KW) 


1.  PROCUREMENT  COST  ($/KW}  $ 

2.  MOD  COST  LESS  GEN  COST  % 

3.  SPARE  COST 

FOUR  STROKE/CYCLE  (100\) 

TWO  STROKE/CYCLE  &  ROTARY 

PERCENTAGE:  100  COST:  $ 


total  engine  procurement. MODIFICATIOm.  and 
OPERATING  COST  l$/KW-HR) 

1.  MAINTENANCE  EXPENSE  $ 

2.  f'UEL  EXPENSE 

R-5TR0KE  0  $.22/KW-HR  :<< 
rotary  0  4.26/KW-HR 
2-STROKE  0  «.29/KU-HR 

i 

3.  SPECIAL  FLUIDS  EXPENSE 

LOU  ASH  OIL-2  STROKE  4  ROTARY  % 
STARTING  FLUID  % 

4.  SPECIAL  EQUIPMENT 

STARTING  BATTERY  OPTION  ONLY 
A-  STROKE 

2  STROKE  &  ROTARY  (8.33Ii) 
PERCENTAGE:  0  COST:  % 

5.  TOTAL  operating  COST  % 


total  procurement  and  OPERATING  COST  (ASSUMES 


166.67  PER  KU 
475.00  PER  KU 

641.67  PER  KU  $  641.67  PER  KU 

CYCLE  COST:  i  1. ADO. 00  PEP,  KU 


0.42  PER  KW-HR 

0.22  PER  KU-HP 

0.00  PER  KU-HR 
0.00  PER  KW-HR 

0.00  PER  KW-HR 

0.64  PER  KU-HR  $  0.64  PER  KW-HR 


1000  HRS  OPERATION)  i  2.086.67  PER  KU 


F.  ENGINE  PERFORHANCE 


1.  WEIGHTS 

A.  ENGINE 

B.  GENERATOR 

C.  FUEL  VAPORIZER  8-  BATTERY 

D.  FUEL  INJECTION  SYSTEM 

E.  FUEL  (A-HR  MISSION) 

F.  CRANKCASE  OIL 

G.  TOTAL  WEIGHT 

H.  POWER  OUTPUT 

I.  POWER  density 

J.  WEIGHT  PER  UNIT  POWER 

K.  VOLUME  PER  UNIT  POWER 

STARTING  RELIABILITY 

A.  STARTING  FLUID 

B.  BATTERY 

C.  MANUAL 

3.  COLD  START  LIMIT  'ALL.' 

4.  NOISE  LEVEL 

A.  ROTARY 
E.  A-STROKE 
C.  2-STROKE 

5.  IR  SIGNATURE 

A.  A-STROKE 

B.  2-STROKE 

C.  ROTARY 

6.  EMI/RFI  SIGNATURE 

A.  STARTING  FLUID 

B.  FUEL  VAPORIZER  &  BATTERY 

C.  DIRECT  INJECTION 


28.0  LB 
28.0  LB 
0.0  LB 
5.0  LB 
A. 8  LB 
2.5  LB 
68.3  LB 
1.20  KW 
0.018  KW/LB 
56.9  LB/KW 

CU  FT/KW 


95‘. 
9  5*. 

99  •; 

-20F 


100*'. 
llOi  <•: 
120*. 


lOO'^J  <<< 

no*'; 

1501; 


NO  CHANGE  FROM  GASOLINE 
NO  CHANGE  FROM  GASOLINE 
SIGNIFICANT  BUT  UNSPECIFIED 
INCREASE 


EVALUATION  MATRIX  DATA  SHEET 
ENGINE  DESCRIPTION 


ENGINE  MANUFACTURER: 
ENGINE  DESIGNATION: 
RATED  POWER  3  RPM: 

MAX  I  nun  POWER  @  RPI'l; 
STROKES  PER  CYCLE: 
VALVE  TRAIN: 

PISTON  DESIGN: 
DISPLACEMENT  (CU  IN): 
BO=>E  (IN): 

stroke  (I N ) : 

COMPRESSION  RATIO: 

DRY  WEIGHT  (LB): 


TECUMSEH 

AH600  TYPE  90038-^ 
2.-55  0  3600 
3  0  A500 
TWO  (C) 
fJONE 

FLAT  TOP 
6 

Z .  OS 
i.75 

NOT  AVAIL. 
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OPTION:  A.  STARTING  FLUID 

B.  FUEL  VAPORIZER  AND  BATTERi 

C.  DIRECT  injection 

A.  INITIAL  COST  ($/KW) 

1.  PROCUREMENT  COST 

A.  list  PRICE: 

B.  HP  3  3600  RPM: 

C.  HP  USING  KEROSENE: 

D.  GENERATING  CAPACITY: 

E.  PROCUREMENT  COST  (f/KW): 

2.  MODIFICATION  COST  (*/KW) 

A.  COMBUSTION  CHAMBER  GEOMETRY 
HEAD  GASKET  lOL 
HEAD  MODIFICATIONS  COL 
piston  MODIFICATIONS  25T. 

PERCENTAGE:  25  COST:  $  <55.00 

B.  PISTON  RING  MODIFICATION 

2  STROKE/CYCLE  O'.  <<< 

A  STROKE/CYCLE  25'. 
rotary  o:. 


PERCENTAGE:  0 

COST:  % 

0.00 

.  IGNITION  SYSTEM 

TIMING  RETARD  10'^ 

HOT  SPARK  «,  plug  25'-. 
PERCENTAGE:  10 

COST:  f 

18.00 

FUEL  DELIVERY  SYSTEM 

CARBURETOR  JETS  5'i 

<<<■ 

FUEL  VAPORIZER  25': 
DIRECT  INJECTION  200'; 
PERCENTAGE:  5 

COST:  $ 

9.00 

GENERATOR  COST 

% 

180.00 

TOTAL  MOD.  COST: 

$ 

252.00 

total  mod.  cost  PER  KW; 

% 

274.29  PER  KW 

180.00 
2. <55  HP 
1.8<5  HP 
0.92  KW 
195.92  PER  KW 


*  195.92  PER  KW 


Figure  B-7 


i  274.29  PER  KW 


B.  ENGINE  LIFE  COST  ($/KWj 


1.  PROCUREMENT  COST  ($/KU)  i  195.92  PER  KW 

2.  MOD  COST  LESS  GEN  COST  $  76.3!’  PER  KW 

3.  SPARE  COST 

FOUR  STROKE/CYCLE  l  lOO'-:) 

TWO  STROKE/CYCLE  &  ROTARY  (66.7‘.) 

PERCENTAGE:  66.7  COST:  i  411.22  PER  KW  f  411.22  PER  KW 


total  ENGItJE  PROCUREMENT  .MOT-TrTCATICfj.  anC 


-•^Lc  Ll 


B81 .4; 


OPERATING  COST  ($/KW-HP) 


1.  MAINTENANCE  EXPENSE  ? 

2.  FUEL  EXPENSE 

4-STROKE  0  $.22/KW-HR 
ROTARY  0  $.2e/KW-HF, 

2-STROKE  0  t,29/KW-HR  • 

t 

3.  SPECIAL  FLUIDS  EXPENSE 

LOW  ASH  OIL-2  STROKE  S  ROTARY  * 
STARTING  FLUID  * 

4.  SPECIAL  EQUIPMENT 

STARTING  BATTERY  OPTION  ONLY 
4-  STROKE  (5:<) 

2  STROKE  &  ROTARY  (6.33*i) 
PERCENTAGE:  0  COST:  $ 


0.49  PER  KW-HR 


0.29  PER  KW-HR 

0.05  PER  KW-HR 
0.05  PER  KW-HR 


0.00  PER  KW-HR 


5.  TOTAL  OPERATING  COST 


0.88  PER  KW-HR 


0.88  PER  KW-HR 


.22  PER  KW 


E.  TOTAL  PROCUREMENT  AND  OPERATING  COST  (ASSUMES  1000  HRS  OPERATION)  i  1.761 


F,  ENGINE  PERFORMANCE 


1.  WEIGHTS 

A.  ENGINE 

B.  GENERATOR 

C.  FUEL  VAPORIZER  &  BATTERY 

D.  FUEL  INJECTION  SYSTEM 

E.  FUEL  (4-HR  MISSION) 

F.  CRANKCASE  OIL 

G.  TOTAL  WEIGHT 

H.  POWER  OUTPUT 

I.  POWER  DENSITY 

J.  WEIGHT  PER  UNIT  POWER 

K.  VOLUME  PER  UNIT  =OWER 

starting  RELIABILITY' 

A.  STARTING  '^LUII 

B.  BATTERY 

C.  MANUAL 

COLD  start  LIMIT  (ALLj 

NOISE  LEVEL 

A.  rotary 

B.  4-STROKE 

C.  2-STROKE 

5.  IR  SIGNATURE 

A.  4-STROKE 

B.  2-STROKE 

C.  ROTARY 

6.  EMI/RFI  SIGNATURE 

A.  STARTING  FLUID 

B.  FUEL  VAPORIZER  4  BATTERY 

C.  DIRECT  INJECTION 


16.0  LB 
16.0  LB 
:  0.0  LB 
-  0.0  LB 
4.9  LB 
0  LB 
36.9  LB 
0.92  KW 
0.025  KW/LB 
40.1  LB/KW 

CU  FT/KW 

R5’.  ■  ■  ' 

95-. 

99-. 

-20F 


10C-. 

no*. 

120*.  •-  . 


100^ 

120>.  <<< 

130  V. 


NO  CHANGE  FROM  GASOLINE 
NO  CHANGE  FROM  GASOLINE 
SIGNIFICANT  BUT  UNSPECIFIED 
INCREASE 


EVALUATION  HATRIX  DATA  SHEET 


ENGINE  DESCRIPTION 


ENGINE  nANUFACTURER; 
ENGINE  DESIGNATION: 
RATED  POWER  '1  RPH: 
(lAXinui  POWER  0  RPf^: 
STROKES  PER  CYCLE: 
VALVE  TRAIN: 

PISTON  DESIGN: 
DISPLACEHENT  ! CU  IN): 
BORE  1  IN')  : 

ST R D 'r E  ;  I  f'j  : 
COi’lPRESSION  RATIC: 

DRY  WEIGHT  '.LB',': 


TECUnSEH 

AHsOO  TYPE  90C33A 
2.  A 5  C«  3600 
3  ?  AD 00 
TWO  (  2  ■> 

NOME 

R'lat  top 

:.09 

•  ■*'  e 

rJDT  A'VAl^. 
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OPTIO^i: 


E. 

C. 


STARTING  FLUID 

FUEL  VAPORIZER  AND  BATTER'i 

DIRECT  injection 


A.  INITIAL  COST  ($/KU) 

1.  PROCUREHENT  COST 

180.00 
2.A5  HP 
1.84  HP 
0.92  KW 
195.92  PER  KW 


A.  list  PRICE:  t 

B.  HP  «  3600  RPPl; 

C.  HP  USING  KIROSENE; 

D.  GENERATING  CAPACITY: 

E.  PROCUREIIENT  COST  ($/KW):  $ 


195.92  PER  KW 


2.  nODIFICATION  COST  ($/KW) 

A.  COnBUSTION  CHAHBER  GEOHETRy 
HEAD  GASKET  lOL 

HEAD  nODIFICATIONS  20’; 

PISTON  nODIFICATIONS  25’-. 

PERCErjTAGE:  25  COST:  f  45.00 

B.  PISTON  RING  HODIFICATION 

2  STROKE/CYCLE  O’.  ■',<< 

4  STROKE/CYCLE  25’. 
rotary  O’. 

PERCENTAGE:  0  COST:  «  0.00 

C.  IGNITION  SYSTEn 

TIMING  RETARD  10’.  <<< 

HOT  SPARK  &  plug  2b’. 

PERCENTAGE:  10  COST:  $  18.00 

D.  FUEL  DELIVERY  SYSTEM 

CARBURETOR  JETS  5’;  '<< 

FUEL  VAPORIZER  25’1  <<< 

DIRECT  INJECTION  200’. 

PERCENTAGE:  30  COST:  *  54.00 

3.  GENERATOR  COST  $  180.00 


Figure  B-8 


$ 


TOTAL  MOD.  COST: 

TOTAL  MOD.  COST  PER  KW 


S  297.00 
»  323.27  PER  KW 


323.27  PER  KW 


engine  life  cost  ($/KW) 


1 . 


FROC UnEflENT  COST  ($/KW)  $  195,92  PER  KU) 

nOD  COST  LESS  GEN  COST  $  127,3=.  PER  KW 

SPARE  COST 

FOUR  STROKE/CYCLE  dOO',) 

TWO  STROKE/CYCLE  S  ROTARv  t66.7*.)  •  • 

PERCENTAGE:  66.7  COST:  $  48^!. 66  PER  KW 


484.66  PER  KU 


■QT 


HL  :.tJGI'jE  PP'jCi-'REnEN"  .nOGi; 


IChTIlIj.  Htil-  life  CiCLE  COST; 


operating  cost  (t-KW-HR) 


1,  ri  A I  NT  c,  NANCE  EXPENSE  $ 

c.  FUEL  EXPENSE 

4-STROKE  (?  $.22/KW-HF 
ROTARV  I?  $.26/l<'W-HR 
2-STROKE  I?  $.29/KW-HR 

i 

3.  SPECIAL  FLLaDS  EXPENSE 

LOW  ASH  OIL-2  STROKE  4  ROTARY  $ 
STARTING  FLUID  $ 

4.  SPECIAL  EQUIPMENT 

STARTING  BATTERY  OPTION  ONLY 
4-  STROKE 

2  STROKE  &  ROTARY  (0.33*^) 
PERCENTAGE:  8,33  COST:  $ 


0.49  PEP  t-w-HP 


O.C^  PER  ^W-AR 

0.05  PER  KW-HP 
0.00  PER  KW-HR 


0.09  PER  KW-HP 


D.  total  operating  cost 


«  0.92  PER  KW-HR 


K  i 


.54  PE= 


»  0.92  PER  KW-HR 


TOTAL  PROCUREMENT  AND  OPERATING  COST 


(ASSUMES  1000  HRS  OPERATION) 


i  1.924,30  PER  KW 


F,  ENGINE  PERFORnANCE 


1.  WEIGHTS 

A.  ENGINE 

B.  GENERATOR 

C.  FUEL  VAPORIZER  &  BATTERY 

D.  'UEL  INJECTION  SYSTEM 

E.  FUEL  (a-HR  MISSION) 

F.  CRANKCASE  OIL 

G.  TOTAL  WEIGHT 

H.  POWER  OUTPUT 

I.  POWER  DENSITY 

J.  WEIGHT  PER  UNIT  POWER 

K.  VOLUME  PER  UNIT  -QUEf= 

starting  reliabilitt 

A.  starting  Fluid 

B .  BATTERY 

C.  MANUAL 

colD  start  limit  ,all, 

4.  NOISE  LEVEL 

A.  rotary 

B.  4-5TR0KE 

C.  2-STROKE 

5.  IR  SIGNATURE 

A.  4-STROKE 

B.  2-STROKE 

C.  ROTARY 

6.  EMI/RFI  SIGNATURE 

A.  STARTING  FLUID 

B.  FUEL  VAPORIZER  &  BATTERY 

C.  DIRECT  INJECTION 


16.0  LE 
16,0  LB 
6.0  LB 
0.0  LB 
4.?  LB 
0  LE 
42.?  LE 
0.?2  KW 
0.021  KW/LE 
46.6  LE'KW 

CU  FT'KW 


■3  S’. 


-20F 


10  O'. 

no*. 

120*. 


lOOT; 

130T:  <<^< 
ISO*-. 


NO  CHANGE  FROM  GASOLINE 
NO  CHANGE  FROM  GASOLINE 
SIGNIFICANT  BUT  UNSPECIFIED 
INCREASE 


EVALUATIOH  riATRiy  e-ata  sheet 


EMGI^IE  DESCRIP'^IOM 


ENGINE  nANUFACTURER: 
ENGINE  DESIGNATION: 
RATED  POWER  RPH: 

riAxiriur-  power  'I  rpm; 

STROKES  PEP  C'iCLE: 
VALVE  TRAUJ: 

PISTON  DESIGN: 
DISPLACEnSfiT  .CL'  Ihr 
BORE  ..IN.: 

STROKE  iIN': 
COTIPRESSIOTi  RATIO: 

D  P  Y  W  E  I  G  H  Y  L  B  j  : 


TECUnSEH 

AH600  TYPE  90039'3 
Z.AD  3600 
3  C*  4  500 
T'jJO  >3) 

NONE 

FLAT  TOP 


'TO  t  A  A  i  • 
It 


B.  PUEL  VAFORIZEP  AtiD  EATTEp  : 

C.  DIRECT  INJECYIO'i 

A.  INITIAL  COST  ($/KW) 

1.  PROCUREnENT  COST 

A.  LIST  PRICE: 

B.  HP  Q  3600  RPH: 

C.  HP  USING  KEROSENE: 

D.  GENERATING  CAPACITY: 

E.  PROCUREnENT  COS’’  ($.''KU): 

2.  nODIFICATION  COST  ($/KW) 

A.  COHBUSTION  CHAHEEP  GEOnETRY 
HEAD  GASKET  10', 

HEAD  nODIFICATIONS  10'. 

PISTON  nODIFICATIONS  CD’. 

PERCENTAGE:  CD  COSY:  t  45.00 

B.  PISTON  RING  nODIFICATION 
2  STROKE/CYCLE  O’. 

4  STROKE,' CYCLE  CD’. 
rotary  O’. 

PERCENYAGE:  0  COST:  $  0.00 

C.  IGNITION  SYSTEn 

TiniNG  RETARD  10’-.  ■ 

HOT  SPARK  &  plug  CD’-. 

PERCENTAGE:  3D  COST;  t  63.00 

D.  FUEL  DELIVERY  SYSTEF 
CARBURETOR  JETS  D’^, 

FUEL  VAPORIZER  25’< 

DIRECT  INJECTION  COO’y-'.- 

PERCENTAGE:  200  COST:  $  360.00 

3.  GENERATOR  COST  $  180.00 


*  180.00 

2.45  HP 
1.84  HP 
0.92  KW 

i  195.92  PER  KW 


i  195.92  PER  KW 


Figure  B-9 


TOTAL  nOD.  COST; 

TOTAL  nOD.  COST  PER  KW: 


$  648.00 

%  705.31  PER  KW  $  705.31  PER  KW 


C>l  hJ 


B.  ENGINE  LIFE  COST  li/KW) 


1.  PROCUREilENT  COST  ($/KW)  $  195.92  PER  KW 

nOD  COST  LESS  GEN  COST  t  509.39  PER  KW 

SPARE  COST 

FOUR  STROKE/CYCLE  (100‘i) 

TWO  STROKE/CYCLE  &  ROTARY  (66.7*.) 

PERCENTAGE:  66.7  COST:  Ji.057,43  PER  KW  i  1.057.43  PER  KW 


'uThL  engine  FRCCuREPiEN-^  .'’’OE'IFICATION. 


-I'^E  CiCLE 


:T  : 


D.  OPERATING  COST  {$/KW-HR> 


1.  nAirJTENANCE  EXPENSE  J 

2.  FUEL  EXPENSE 

^-STROKE  $.22/KW-HR 
ROTARY  3  $.26/KW-HR 
2-STROKE  '3  t.29/KW-HR  •  •. 

{ 

3.  special  FLUIDS  EXPENSE 

LOW  ASH  OIL-2  STROKE  5  ROTARY  $ 
STARTING  FLUID  * 

4.  SPECIAL  EQUIPMENT 

STARTING  BATTERY  OPTION  ONLY 
4-  STROKE  (5-i) 

2  STROKE  &  ROTARY  (8.33V.) 
PERCENTAGE:  0  COST:  $ 


0.A9  PER  KW-HF. 


0.29  PER  KW-HR 

0.05  PER  KW-HR 
0.00  PER  KW-HR 


0.00  PER  KW-HR 


5.  total  OPERATING  COST 


0.83  PER  KW-HR 


i  1.958.^5 


*  0.83  PER  KW-HR 


E.  TOTAL  PROCUREMENT  AND  OPERATING  COST  (ASSUMES  1000  HRS  OPERATION)  i  Z. 783. 45  PER  KW 


ENGINE  PERFORnANCE 


1.  WEIGHTS 

A.  ENGINE 

B.  GENERATOR 

C.  FUEL  VAPORIZER  &  BATTERY 

D.  FUEL  INJECTION  SYSTEM 

E.  FUEL  (4-HR  MISSION) 

F.  CRANKCASE  OIL 

G.  TOTAL  WEIGHT 

H.  POWER  OUTPUT 

I.  POWER  density 

J.  WEIGHT  PER  UNIT  POWER 

K.  VOLUME  PER  UNIT  POWER 

2.  STARTING  RELIABILITY 

A.  STARTING  FLUII' 

E.  Battery 
C.  MANUAL 

3.  COLD  start  LIMIT  (ALL; 

4.  NOISE  LEVEL 

A.  ROTARY 

B.  4-STROKE 

C.  2-STROKE 

5.  IR  SIGNATURE 

A.  4-STROKE 

B.  2-STROKE 

C.  ROTARY 

6.  EMI/RFI  SIGNATURE 

A.  STARTING  FLUID 

B.  FUEL  VAPORIZER  &  BATTERY 

C.  DIRECT  INJECTION 


16.0  LB 
16.0  LB 
0.0  LE 
5.0  LB 
4.9  LB 
0  LE 
41.9  LB 
0.92  KW 
0.022  KW/LB 
45.6  LE/KW 

CU  FT/rW 

R5*. 

95*. 

99--.  . 

-20F 


100*. 

no*. 

120*. 


100% 

130%  <<< 
150% 


NO  CHANGE  FROM  GASOLINE 
NO  CHANGE  FROM  GASOLINE 
SIGNIFICANT  BUT  UNSPECIFIED 
INCREASE 


EVALUATION  MATRIX  DATA  SHEET 
ENGIMF-  DESCRIPTION 


ENGINE  MANUFACTURER: 
ENGINE  DESIGNATION: 
RATED  POWER  0  RPM: 
MAXIMUM  POWER  0  RPM: 
STROKES  PER  CYCLE: 
VALVE  TRAIN: 

PISTON  DESIGN: 
DISPLACEMENT  ( CU  IN): 
BORE  (IN): 

STROKE  (IN): 
COMPRESSION  RATIO: 

DRY  WEIGHT  i LB)  : 


BRIGGS  &  STRATTON 
MODEL  62032  TYPE  0S29 
2.3  0  3600 
j.'T  0  A200 
TWO  (2) 

NONE 

FLAT  TOP 

6.2i 

i.7S 

NOT  AVAIL. 
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OPTION:  A.  STARTING  FLUID 

B.  FUEL  VAPORIZER  AND  BATTERY 

C.  DIRECT  INJECTION 

A.  INITIAL  COST  ($/KW) 

1.  PROCUREMENT  COST 

A.  LIST  PRICE: 

B.  HP  0  3600  RPM: 

C.  HP  USING  KEROSENE: 

D.  GENERATING  CAPACITY: 

E.  PROCUREMENT  COST  ($/KW); 

2.  MODIFICATION  COST  ($/KW) 

A.  COMBUSTION  CHAMBER  GEOMETRY 
HEAD  GASKET  10>. 

HEAD  MODIFICATIONS  20'. 

PISTON  MODIFICATIONS  257.  <<< 

PERCENTAGE:  25  COST:  $  42.63 

B.  PISTON  RING  MODIFICATION 

2  STROKE/CYCLE  0*1  «< 

4  STROKE/CYCLE  25'. 

ROTARY  07. 

PERCENTAGE:  0  COST:  $  0.00 

C.  IGNITION  SYSTEM 

TIMING  RETARD  107.  «< 

HOT  SPARK  &  PLUG  25’; 

PERCENTAGE:  10  COST:  $  17.05 


$  170.50 

2.3  HP 
1.73  HP 
0.86  KW 

$  197.68  PER  KW  t  197.68  PER  KW 


D.  FUEL  DELIVERY  SYSTEM 

CARBURETOR  JETS  5‘<  <  << 

FUEL  VAPORIZER  257. 

D’RLCi  INJECTION  200'. 

PERCENTAGE:  5  COST;  »  8.53 


Figure  B~10 


3.  GENERATOR  COST 


170.50 


TOTAL  MOD.  COST; 

TOTAL  MOD.  COST  PER  KW 


»  238.70 

$  276.75  PER  KW 


$ 


276.75  PER  KW 


B.  ENGINE  LIFE  COST  ($/KW) 


1.  PROCUREHENT  COST  ($/KW)  $  197.68  PER  KW 

2.  nOD  COST  LESS  GEM  COST  $  79,07  PER  KW 

3.  SPARE  COST 

FOUR  STROKE/CYCLE  (100‘.) 

TWO  STROKE/CYCLE  &  ROTARY  (66.7‘i) 

PERCENTAGE:  66.7  COST:  $  414.92  PER  KW  $  414.92  PER  KW 


OTAL  ENGINE  PRQC  UREI1ENT  .  HOD  IF  IC  AT  1  ON.  AND  LIFE  CiCLE  COST;  i  889.36  PER  KW 


D.  OPERATING  COST  ($/KW-HR) 

1.  MAINTENANCE  EXPENSE  i  0.49  PER  KW-HR 

2.  FUEL  EXPENSE 

4-STROKE  8  $,22/KW-H= 

ROTARY  9  $.26/KW-HR 
2-STROKE  0  $,29/KW-HR 

%  0.29  PER  KU-HR 

3.  SPECIAL  FLUIDS  EXPENSE 

LOW  ASH  OIL-2  STROKE  &  ROTARY  t  O.OS  PER  KW-HR 

STARTING  FLUID  $  0.05  PER  KW-HR 

4.  SPECIAL  EQUIPMENT 

STARTING  BATTERY  OPTION  ONLY 
4-  STROKE  (57.) 

2  STROKE  &  ROTARY  (8.33*0 
PERCENTAGE!  0  COST;  $  0.00  PER  KW-HR 

5.  TOTAL  OPERATING  COST  $  0.88  PER  KW-HR  %  0.88  PER  KW-HR 


E.  'OTAL  PROCUREMENT  AND  OPERATING  COST  (ASSUMES  1000  HRS  OPERATION)  t  1.773.56  PER  KW 


F.  ENGINE  PERFORMANCE 


1.  WEIGHTS 

A.  ENGINE 

B.  GENERATOR 

C.  FUEL  VAPORIZER  &  BATTERT 

D.  FUEL  INJECTION  SYSTEM 

E.  FUEL  (A-HR  MISSION) 

F.  CRANKCASE  OIL 

G.  TOTAL  WEIGHT 

H.  POWER  OUTPUT 

I.  POWER  DENSITY 

J.  WEIGHT  PER  UNIT  POWER 

K.  VOLUME  PER  UNIT  POWER 

starting  RELIABILITY 

A.  STARTING  FLUID 

B.  BATTERY 

C.  MANUAL 

3.  COLD  START  LIMIT  (ALL) 

4.  NOISE  LEVEL 

A.  ROTARY 

B.  4-STROKE 

C.  2-STROKE 

5.  IR  SIGNATURE 

A.  4-STROKE 

B.  2-STROKE 

C.  ROTARY 

6.  EMI/RFI  SIGNATURE 

A.  STARTING  FLUID 

B.  FUEL  VAPORIZER  &  BATTERY 

C.  DIRECT  INJECTION 


17.0  LB 
17.0  LB 
0.0  LB 
0.0  LB 
4.6  LB 
0  LB 

38.6  LB 
0.86  KW 

0.022  KW/LB 

44.7  LB/KW 

CU  FT^KW 

' 

95'. 

99‘. 

-20F 


100'. 

110'^ 

120'i  'X-: 


100'-. 

130';  «< 
150*^ 


NO  CHANGE  FROM  GASOLINE 
NO  CHANGE  FROM  GASOLINE 
SIGNIFICANT  BUT  UNSPECIFIED 
INCREASE 


EVALUATION  MATRIX  DATA  SHEET 


ENGINE  DESCRIPTION 


ENGINE  MANUFACTURER:  BRIGGS  &  STRATTON 

ENGINE  DESIGNATION:  MODEL  62032  TYPE  0529 

RATED  POWER  @  RPM:  2.3  «  3600 

MAXIMUM  POWER  (»  RPM:  3. A  0  A200 

STROKES  PER  CYCLE:  TWO  (2) 

VALVE  TRAIN:  NONE 

PISTON  DESIGN:  FLAT  TOP 

DISPLACEMENT  (CU  IN):  6.21 

BORE  (IN):  2.13 

STROKE  (IN):  1.75 

COMPRESSION  RATIO:  NOT  AVAIL. 

DRY  WEIGHT  (LB):  17 


OPTION:  A.  STARTING  FLUID 

B.  FUEL  VAPORIZER  AND  BATTERY 

C.  DIRECT  INJECTION 

A.  INITIAL  COST  ($/KW) 

1.  PROCUREMENT  COST 

A.  LIST  PRICE: 

B.  HP  «  3600  RPM: 

C.  HP  USING  KEROSENE: 

D.  GENERATING  CAPACITY: 

E.  PROCUREMENT  COST  ($/KW): 


2.  MODIFICATION  COST  ($/KW) 

A.  COMBUSTION  CHAMBER  GEOMETRY 
HEAD  GASKET  10>. 

HEAD  MODIFICATIONS  20’; 

PISTON  MODIFICATIONS  25>.  <<< 

PERCENTAGE:  25  COST;  $  A2.63 

B.  PISTON  RING  MODIFICATION 
2  STROKE/CYCLE  0‘; 

4  STROKE/CYCLE  25". 

ROTARY  OV. 

PERCENTAGE;  0  COST;  $  0.00 

C.  IGNITION  SYSTEM 

TIMING  RETARD  10*/.  <« 

HOT  SPARK  &  PLUG  25^ 

PERCENTAGE:  10  COST:  %  17.05 

D.  FUEL  DELIVERY  SYSTEM 
CARBURETOR  JETS  5V. 

FUEL  VAPORIZER  25V.  «< 

DIRECT  INJECTION  200-; 

PERCENTAGE:  30  COST;  $  51.15  Figure  B-11 

3.  GENERATOR  COST  %  170.50 

TOTAL  MOD.  COST:  $  281.33 

TOTAL  MOD.  COST  PER  KW:  $  326.17  PER  KW  $  326.17  PER  KW 


t  170.50 

2.3  HP 
:.73  HP 
0.86  KW 

$  197.68  PER  KW  $  197.68  PER  KW 


B.  ENGINE  LIFE  COST  ($/KU) 


1.  PROCUREdENT  COST  ($/KW)  «  197.68  PER  KW 

2.  nOD  COST  LESS  GEN  COST  $  128.^9  PER  KW 

3.  SPARE  COST 

FOUR  STROKE/CYCLE  (lOOT.) 

TWO  STROKE/CYCLE  &  ROTARY  (66. 7‘,) 

PERCENTAGE:  66.7  COST:  $  489.02  PER  KW  *  489.02  PER  KW 


C.  ’OTAL  ENGINE  PROCUREdENT . dOrl F I C A' 1 01  i. 


AN!'  life  CiCLE  COST: 


i 


PER  KL 


D.  OPERATING  COST  ($/KW-HPi 


1.  nAIMTENANCE  EXPENSE  i 

2.  FUEL  EXPENSE 

4-STROKE  Q  J.22/KW-AR 
ROTARY  <3  4.26/KW-HR 
2-STROKE  3  4.2S/KW-HR  -'.-.l 

$ 

3.  SPECIAL  FLUIDS  EXPENSE 

LOW  ASH  OIL-2  STROKE  &  ROTARY  $ 
STARTING  FLUID  4 

4.  SPECIAL  EQUIPHENT 

STARTING  BATTERY  OPTION  ONLY 
4-  STROKE  (5-:) 

2  STROKE  &  ROTARY  (8. 33'^) 
PERCENTAGE:  8.33  COST;  $ 


0.49  PER  KW-HR 


0.29  PER  KW-HR 

0.05  PER  KW-HR 
0.00  PER  KW-HR 


0.10  PER  KW-HR 


5.  TOTAL  OPERATING  COST 


$  0.93  PER  KW-HR 


%  0.93  PER  KW-HR 


E.  TOTAL  PROCUREHENT  AND  OPERATING  COST  (ASSUdES  1000  HRS  OPERATION)  $  1.943.65  PER  KW 


F.  ENGINE  PERFORHANCE 


1.  WEIGHTS 

A.  ENGINE 

B.  GENERATOR 

C.  FUEL  VAPORIZER  &  BATTERY 

D.  FUEL  INJECTION  SYSTEH 

E.  FUEL  (4-HR  niSSIONj 

F.  CRANKCASE  CIL 

G.  TOTAL  WEIGHT 

H.  POWER  OUTPUT 

I.  POWER  DENSITi 

J.  WEIGHT  PER  UNIT  POWER 

K.  VOLUME  PER  UNIT  POWER 

2.  STARTING  REl  I  Ac  I L  I v 

A.  STARTING  FLUID 

B.  BATTERY 

C.  MANUAL 

COLD  START  LIMIT  (AlL; 

4.  NOISE  LEVEL 

A.  ROTARY 

B.  4-STROKE 

C.  2-STROKE 

5.  IR  SIGNATURE 

A.  4-STROKE 

B.  2-STROKE 

C.  ROTARY 

6.  EMI/RFI  SIGNATURE 

A.  STARTING  FLUID 

B.  FUEL  VAPORIZER  &  BATTERY 

C.  DIRECT  INJECTION 


17.0  LB 
17,0  LB 
6.0  LB 
■0.0  LB 
4,6  LE 
0  LB 

44.6  LB 
0.66  KW 

0.019  KW/LE 

51.7  LB/KW 

CU  FT/KW 


95‘. 

95T: 

99‘. 

-20F 


lOO', 

110'. 

\20\ 


100>. 

1307;  <« 
150'< 


NO  CHANGE  FROM  GASOLINE 
NO  CHANGE  FROM  GASOLINE 
SIGNIFICANT  BUT  UNSPECIFIED 
INCREASE 


EVALUATION  MATRIX  DATA  SHEET 
ENGINE  DESCRIPTION 


ENGINE  MANUFACTURER: 
ENGINE  DESIGNATION: 
RATED  POWER  0  RPM: 
MAXIMUM  POWER  0  RPM: 
STROKES  PER  CYCLE: 
VALVE  TRAIN: 

PISTON  DESIGN: 
DISPLACEMENT  (CU  IN): 
BORE  (IN): 

STROKE  (IN): 
COMPRESSION  RATIO: 

DR)  WEIGHT  (LBj: 


BRIGGS  5-  STRATTON 
MODEL  62032  TYPE  0D29 
2.5  0  3600 
3. A  0  A200 
TWO  (2) 

NONE 

FLAT  TOP 
6.21 
2.13 
1  .(’D 

NOT  AVAIL. 


OPTION:  A.  STARTING  FLUID 

B.  FUEL  VAPORIZER  AMD  BATTERi 

C.  DIRECT  INJECTION 

A.  INITIAL  COST  ($/KW) 

1.  PROCUREMENT  COST 

A.  LIST  PRICE: 

B.  HP  0  36)00  RPM; 

C.  HP  USING  KEROSENE; 

D.  GENERATING  CAPACITY: 

E.  PROCUREMENT  COST  ($/KW); 

2.  MODIFICATION  COST  ($/KW) 

A.  COMBUSTION  CHAMBER  GEOMETRY 
HEAD  GASKET  10^ 

HEAD  MODIFICATIONS  20’. 

PISTON  MODIFICATIONS  25'.  • 

PERCENTAGE:  25  COST:  t  42.63 

B.  PISTON  RING  MODIFICATION 

2  STROKE/CYCLE  0".  <.<■< 

4  STROKE/CYCLE  25'. 

ROTARY  OT. 

PERCENTAGE:  0  COST;  $  0-00 

C.  IGNITION  SYSTEM 

TIMING  RETAR:  10'-.  <<< 

HOT  SPARK  &  PLUG  25'-.  <<< 

PERCENTAGE:  35  COST;  I  59.66 


«  170.50 

2.3  HP 
1.73  HP 
0.86  KW 

$  197.68  PER  KW  $  197.68  PER  KW 


D.  FUEL  DELIVERY  SYSTEM 
CARBURETOR  JETS  5'; 

FUEL  VAPORIZER  25'/. 

DIRECT  INJECTION  200'/.<<< 

PERCENTAGE;  200  COST;  I  341.00 


Figure  B-12 


3.  GENERATOR  COST 


170.50 


TOTAL  MOD.  COST; 

TOTAL  MOD.  COST  PER  KW 


♦  613.80 

$  711.65  PER  KW 


i  711.65  PER  KW 


engine  life  cost  f$/KW) 


1.  PROCUREfTEMT  COST  ($/KW)  t  197.68  PER  KW 

2.  nOD  COST  LESS  GEN  COST  1  Sl"  c-?  p£fj 

3.  SPARE  COST 

PCJR  STROKE/C vCLE  (lOO*.; 

TWO  STRO.'E/ CYCLE  S  ROTARY 

PERCENTAGE:  66.7  COST:  FE~  KW 


TAL  engine  ^POCJcEJEN’ .NDCIFICf 


^NI-  LIFE  CYCLE 


OPERA'^ImG  cos- 


1.  nAIMTENANCE  EXPENSE  $ 

L.  Fuel  expense 

■T-STRGKE  i.22/KU-HP 
rotary  (?  J,26/Kw’-Hr 
2-STROKE  0  t.29/Ku!-HR  -  . 

$ 

special  fluids  ExPEyiSE 
low  ash  oil-2  stroke  &  rotary  $ 
starting  fluid  $ 

4.  special  equipnent 

starting  battery  option  only 
4-  stroke  (SV.) 

2  STROKE  &  rotary  (6.33-;) 
PERCENTAGE:  0  COST:  % 


0.49  PER  KW-HP 

0.29  CER  ‘'W-HR 

0.05  PEP  KW-HR 
0.00  PER  KW-HR 

0.00  PER  KW-HR 


5.  total  OPERATING  COST  *  0.83  PER  KW-HR 


<  0.83  PER  KW-HR 


total  PROCUREflENT  AND  OPERATING  COST  (ASSUMES  1000 


HRS  OPERATION)  $  2.810.48  PER  KW 


F.  ENGINE  PERFORMANCE 


1.  WEIGHTS 

A.  ENGINE 

B.  GENERATOR 

C.  FUEL  VAPORIZER  &  BATTERY 

D.  FUEL  INJECTION  SYSTEM 

E.  FUEL  (4-HR  MISSION) 

F.  CRANKCASE  OIL 

G.  TOTAL  WEIGHT 

H.  POWER  OUTPUT 

I.  POWER  DENSITY 

J.  WEIGHT  PER  UNIT  POWER 

K.  VOLUME  PER  UNIT  POWER 

starting  reliacIli'^y 

A.  STARTING  KlUID 

B.  BATTERY 

C.  MANUAL 

S.  COLD  START  LIMIT  (ALL) 

4.  NOISE  LEVEL' 

A.  ROTAR) 

B.  4-STROKE 

C.  :-STROKE 

5.  IR  SIGNATURE 

A.  4-STROKE 

B.  2-STROKE 

C.  ROTARY 

6.  EMI/RFI  SIGNATURE 

A.  STARTING  FLUID 

B.  FUEL  VAPORIZER  &  BATTERY 

C.  DIRECT  INJECTION 


17.0  LB 
17.0  LB 
0.0  LB 
5.0  LB 
4.6  LB 
0  LB 
43.6  LB 
0.86  KW 
0.020  KU/LB 
50.5  LB/KW 

CU  FT/KW 

7  5'. 

®5". 

?9i 

-"OF 


lOOL 
110*. 
120*.  ■ 


100*. 

130*^  <« 

150*. 


NO  CHANGE  FROM  GASOLINE 
NO  CHANGE  FROM  GASOLINE 
SIGNIFICANT  BUT  UNSPECIFIED 
INCREASE 


Appendix  C 


Small  Business  Innovation  Research  (SBIR)  Program 


Phase  II  Proposal 


APPENOIXA 


a . 


UA.  DEPAfmaENT  or  defense 

SMALL  BUSINESS  INNOVATION  RESEARCH  (SBIR)  PROGRAM 
PROPOSAL  COVER  SHEET 

FatuM  M  ■  ki  appropriM* 


TOPIC  NUMBER:  AgO-ZlO _ 

PROPOSAL  TITLE:  Kerosene  Base  Fuels  in  Small  Gasoline  Engines, 


Demonstration  of 

RRMNAME:  Sonex  Research,  Inc. 

MAlLAODRESS:  23  Hudson  Street 


CITY  Annapolis _  STATE;  MD  21P;  21401 

PROPOSED  COST;  $  4  d  7 , 5  0  0  PHASE  I  OR  11:  ^  t  PROPOSED  DURATION:  i  ^ 

PROPOSAL  -  IN  MONTHS  - 


BUSINESS  CERTIFICATION: 

^  Art  you  a  tmall  buainatt  u  datcnoad  In  paragraph  2J7 

1^  Ara  you  a  tninorily  or  amail  diaadvantagad  builnata  as  dafinad  In  paragraph  2J7 

^  Ara  you  a  womatwoiMnad  small  buaittasa  as  dateribad  In  paragraph  X47 

^  UM  you  parmll  tM  gowammant  to  diacloaa  dM  Monnation  on  Appandia  B,  S  your  proposal  doas  noi  rasuH 
fci  an  award,  to  any  party  dial  may  So  Marastad  in  ooniaeilne  you  tor  toidiar  Information  or  possiWo 
tnvaaimanry 


VES 

□ 

□ 

Q 


□ 

B 

B 

□ 


^  Has  dds  proposal  boon  aubmittad  to  adiar  us  soaommantagancy/aQanciaa;  dr  BoP  oompononta.  or  othar 
SSm  Aclivliy?  d  yat,  lai  dia  namaM  of  dw  agoncy,  OeO  oompowm  or  odior  SBiR  efiico  in  dia  apaoas  to 
dM  Ion  baiow.  I  k  hat  baan  oubmKtod  to  anodiar  SBIR  aetivliy  fat  dia  Tapia  Numbara  in  dia  apaoos  to  dia 

fight  baiow; 


^  Numbor  of  amployaas  including  on  afnriatos  (pvaroga  tor  praoading  12  months)  g 

PROJECT  MANAQER/PRINOPAL  INVESTIGATOR  CORPORATE  OFROAL  (BUSINESS) 

NAME:  Charles  C.  Failla _ NAME:  A.  A.  Pouring _ 

TITLE:  Project  Engineer  TITLE;  President 


TELEPHONE:  (301)  266-5591  TELEPHONE:  (301)  266-5556 


For  any  purpoaa  otnar  than  to  owahisio  dw  proposal,  this  data  aseata  AppanOa  A  and  B  shall  not  ba  disdosad  ouisida  dw  Govommant 
ortd  shaliiwibaduplicaiad.Msadordiaetasodlnwholaorlnpaft.prowdoddwtdaeontrBeiisawardadtodtlspropesarasarasuttof  orin 
oonnaciion  with  dw  aubmiasion  of  diis  dots,  dw  Ooaammant  ohoB  hawo  dw  right  to  dupGcaia,  wso  or  tfsdooa  dw  data  to  dw  oatant 
providad  In  dw  tonding  agraamarrt.  TMs  roslriellon  doas  rwl  Imit  dw  Oovammantb  right  to  wso  information  oontainad  in  dw  data  N  H  la 
obtainad  bom  anodwraourca  without  tattfiction.Tha  data  autiact  to  dtistaaMction  Is  containad  on  dw  pages  of  dw  proposal  iistad  on  the 
frw  baiow. 


FROFRlCTARVdiFORMATIOfil:  Kone 

OISCLOSURF«enMtSSlON  STATEMENTS:  M  datt 
oiao  ralaaMb> 


on  A^antfa  A  ara  lolaasaNa.i  i  on  AppandiaB,  of  an  awarded  aonbael,dto 


•KSNATUneiQp  FAMOFALdlUESnaATOn  DATE  BONATUFE' 

Noddns  on  dda  poQa  to  atoMlflad  dr  ^raftoatory 


U  A  DEPARTMENT  OF  DEFENSE 

SMALL  BUSINESS  INNOVATION  RESEARCH  (SBIR)  PROGRAM 
PROJECT  SUMMARY 


APPENOI 


1 


TOPIC  NUMBER:  A9Q-210 _ 

PROPOSALTITLE:  Kerosene  Base  Fuels  in  Snail  Gasoline  Engines, 

Demonstration  of 


FIRM  NAME:  Sonex  Research »  Inc. 


PHASE  I  or  II  PROPOSAL  U 

Technical  Abstract  (Limit  your  abstract  to  200  words  with  no  classified  or  proprietary  information/data.) 

The  objective  of  the  project's  Phase  II  effort  is  to  demon¬ 
strate  the  technology  for  converting  small,  inexpensive, 
commercially  available  gasoline  fueled  engines  to  burn  kerosene 
type  fuels.  This  will  lower  the  life  cycle  cost  of  generator 
sets  and  will  enable  a  single  fuel  to  be  used  on  the  battlefield. 

The  specific  Phase  II  objective  is  to  : 

Produce  a  prototype  SI  engine  based  on  the  recommendations 
of  the  Phase  I  study.  The  engine  must  start  and  run 
according  to  specifications  to  be  agreed  upon  using 
kerosene  based  fuel  and  finally  be  coupled  to  a 
generator  to  demonstrate  stable  rated  performance. 


Anticipated  Berwliis/Poiemial  Commercial  Applications  of  the  Research  or  Developtnent 

The  proposed  Phase  II  effort  will  provide  an  inexpensive 
lightweight  1.5Kw  (approx.)  raotor-gensrator  set  that  will  burn 
kerosene  basefuels  and  serve  as  a  prototype  for  sets  in  the 
range  0.5  to  3.0Kw.  Development  of  such  engines  will  permit  the 
Army  to  use  a  single  fuel  and  will  provide  a  much  safer  engine 

Ust  a  maximum  of  B  Kay  Words  that  describe  the  Projed 

Engine _  Coat _ 

Genaet  Density 


Diesel 


Kerosene 


Connerclal 


Weight 


C .  Identification  and  Significance  of  the  Problem 


Soncx  Research,  Inc.,  in  it’s  DOD  -  SBIR  Proposal  AyU-ZlU, 
Kerosene  Base  Fuels  in  Small  Gasoline  Engines,  gave  a  situation 
review  of  the  problems  related  to  use  of  a  single  battle  field 
fuel  in  motor  generator  sets  and  the  importance  of  this  issue 
relative  to  ARMY  21'  . 


Subsequently,  Sonex  completed  Contract  Mo.  DAAK- f 0-y 1 -C-U025 , 
whose  objectives  were; 

1.  To  assess,  analyze  and  evaluate  the  merits  of; 

a.  Engine  types  (2,4  stroke  cycles,  rotary) 

b.  Combustion  process  for  conversion  of  small  (0.5  to 
2.0  Kw ) ,  SI,  gasoline  engines  to  operate  on  Kerosene 
fuels . 


To  devise  and  specify  conversion  modification  required  for 
a  suitable  engine  type  and  combustion  system  resulting 
from  conclusions  of  a  trade-off  study  considering  all 
issues  relevant  to  conversion  of  SI  engines  to  operate  on 
kerosene  base  fuels,  emphasizing  minimum  life  cycle  costs, 
and  identifying  any  development  required. 


This  Phase  IT  Proposal  details  the  effort  required  to  produce 
the  prototype  motor-generator  set  recommended  in  Phase  I, 
including  the  work,  the  schedule  and  the  estimated  cost  of  doing 
the  work  proposed . 


D ,  Phase  TI  Technical  Objectives 


The  objective  of  this  phase  is  to  produce  a 
engine  based  on  the  recommendation  of  the  Phase 
engine  must  start  and  run  according  to  specification 
upon  using  kerosene  base  fuel  and  finally  be 
generator  to  demonstrate  stable  rated  performance. 


prototype  SI 
I  study.  The 
to  be  agreed 
coupled  to  a 


E.  Phase  II  Work  Plan 


In  order  to  achieve  the  aim  of  high  power 
lowest  possible  cost,  commercially  available 
used  to  the  maximum  extent.  When  fabricating 
required,  the  simplest  approach  will  be  used. 


density  ( PMV )  at 
components  will  be 
any  new  components 


The  general  approach  to  be  followed  is  outlined  on  the 
following  page. 


3 


Task  No. 

I  . 

'I . 

3  . 

4  . 

5  . 

6  . 

7  . 

H  . 

9  . 

10  . 

1  1  . 

IZ  . 


Task 

Formulate  performance  specifications  for 
the  engine  and  generator  (alternator). 

Receive  approval  of  ( 1 ) . 

Select  appropriate  engine,  'generator  . 

Design  modification  of  all  systems  per 
Phase  I  recommendations. 

Fabricate  necessary  components. 

Assemble  engine,  conduct  initial  test  and 
evaluation . 

Complete  any  modifications  requ i red/ repeat 
(  6  )  . 

Complete  performance  test  series  as  agreed 
upon  . 

Repeat  (7),  (8)  as  required. 

Couple  engine  with  generator”. 

Complete  test  series  to  be  agreed  upon, 
complete  any  modification  required,  retest. 

Prepare  report,  deliver  prototype  engine. 


In  keeping  with  the  philosophy  of  maximum  results  at  minimum 
cost,  Sonex  test  and  machine  shop  facilities  will  be  used  to  the 
maximum  extent,.  Some  outside  machining,  plant  visits  to 
suppliers,  etc.  is  envisioned,  however,  as  well  as  acquiring  some 
new  test  equipment. 
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Schedule 


After  receipt  of  contract,  the  weeks  necessary  to  complete  the 
various  tasks  of  Phase  II  will  be: 


Task 


N’o .  of  weeks 


Cumulative 
No.  of  weeks 


1 

2 

3 

4 

5 

6 

7 

8 
9 

lU 
1  1 
12 


1 

I 

1 

4 

4 

4 

12 

4 

12 

V 

4 

a 


1 

2 

3 

7 

1 1 
1  5 
27 
31 
43 

4  5 
49 
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Final  Product 

The  final  product  to  be  delivered  will  be  a  prototype  motor 
generator  set  with  an  SI  engine  converted  to  run  on  kerosene  base 
fuel,  accompanied  by  a  detailed  report. 

F.  Related  Work  (as  reported  in  Phase  I  proposal) 

G .  Relationship  with  Future  Research  and  Development 
Anticipated  Results 

For  the  first  time  the  Army  (and  other  service  branches)  will 
have  kerosene  fueled,  small,  lightweight  engines  capable  of 
powering  generators  from  0.5  to  3.0  Kw.  These  engines  will  have 
maximum  power  density  available  at  the  lowest  life-cycle  cost 
ava i lable . 

H .  Potential  Post  Award  Applications 
Government  Applications 

It  is  possible  that  other  small  engine  requirements  for  Army 
2  1”,  fueled  by  kerosene,  t:an  be  satisfied  by  the  engine  designs 
resulting  from  this  Phase  II  study. 
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Commercial  Applications 


Two  original  equipment  manufacturers  have  expressed  interest  in 
developing  commercial  applications  of  the  SCS  engines  discussed  in 
Phase  I.  With  the  prototype  proposed  for  the  Phase  II,  a  working 
demonstrator  will  be  available  for  evaluation.  Commercial 
development  of  such  units  would  Lower  the  cost  of  systems  produced 
for  the  government. 

I .  Key  Personnel 

Individual  Resumes 

A  contribution  to  this  proposed  Phase  II  project  i^ill  be  made 
by  every  member  of  the  Sonex  technical  staff.  Charles  C.  Fail la 
will  remain  as  Project  Engineer. 

Dr.  Andrew  A.  Pouring  has  been  a  director,  full-time  employee 
and  Chief  Scientist  of  the  Company  since  1980,  serving  as  its 
President  from  April  1980  through  November  1983,  and  as  Chief 
Executi\e  Officer  and  President  from  May  1985  through  the 
present.  He  served  as  a  Professor  of  Aerospace  Engineering  at 
the  I.'nited  States  Naval  Academy  from  1964  to  1983,  and  was 
Chairman  of  the  Academy’s  Department  of  Aerospace  Engineering 
from  1975  to  1978.  He  is  the  principal  author  of  the  Company’s 
numerous  patents  and  has  contributed  most  of  the  patented 
improvements  and  extensions  to  the  original  discoveries.  Since 
1964,  Dr.  Pouring  has  been  a  part-time  consultant  to  various 
companies  through  Trident  Engineering  Associates,  Inc.,  a  private 
scientific  research  and  development  firm.  He  is  the  author  of 
numerous  engineering  reports,  technical  papers,  and  patents.  Dr. 
Pouring  is  a  member  of  various  professional  and  scientific 
societies,  including  the  American  Society  of  Mechanical  Engineers 
and  the  Society  of  Automotive  Engineers,  and  has  been  organizer 
and  chairman  of  many  symposia  for  these  societies.  Dr.  Pouring 
received  his  Bachelor's  and  Master ’s  degrees  in  mechan i ca  1 
engineering  from  Rensselaer  Polytechnic  Institute.  He  received 
his  Doctor  of  Engineering  Degree  and  was  a  Post  Doctoral  Research 
Fellow  at  Tale  University. 

Mr.  Charles  C.  Failla  has  been  a  Director  and  Vice  President- 
Engineering  since  the  incorporation  of  the  Company.  He  is  in 
direct  charge  of  the  day-to-day  operations  of  the  Company’s 
laboratories  and  test  cells  and  has  made  significant 
contributions  to  recent  patents  granted  to  the  Company.  From 
1968  through  1974,  Mr.  Failla  served  as  commander  of  a  classified 
aircraft  for  the  U.S.  Navy.  From  1975  to  1977  he  was  a  Senior 
Project  Engineer  with  Pacer  Systems,  Inc.  Between  1977  and  1980, 
Mr.  Failla  was  a  mechanical  engineering  instructor  at  the  U.S. 
Naval  Academy.  He  received  his  BS  and  MS  degrees  in  Aeronautical 
Engineering  from  the  Naval  Post  Graduate  School  in  Monterey, 
Cal i f ornia . 
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Mr.  Theodore  P.  Naydan  has  been  Vice  President  -  Operations 
since  February  1985.  He  also  served  as  the  Company’s  Secretary, 
Treasurer  and  Chief  Financial  Officer  from  February  1985  through 
August  1991.  From  November  1984  until  February  1985,  Mr.  Naydan 
was  the  Vice  President  for  Operations  and  Engineering  at  DCTECH 
Research  Center,  Inc.,  a  numerically  controlled  machine  tool  and 
CAD/CAM  facility.  From  July  1981  to  May  1984,  he  was  the  Vice 
President  and  General  Manager  of  American  Seamless  Tubing,  Inc.,  a 
subsidiary  of  the  Copperweld  Corporation.  Between  June  1968  and 
April  1981,  Mr.  Naydan  was  a  commissioned  U.S.  Navy  Officer 
serving  in  a  variety  of  positions  both  on  land  and  on  the  sea.  He 
later  taught  at  the  Mechanical  Engineering  Department  of  the  U.S. 
Naval  Academy  and  served  as  consultant.  Mr.  Naydan  received  his 
BS  from  the  U.S.  Naval  Academy  and  MS  in  Mechanical  Engineering 
from  the  Naval  Postgraduate  School  in  Monterey,  California. 

Dr.  Carlo  Leto  di  Priolo  has  been  the  Vice  President- 
International,  Vice  President  -  Research  and  Development  and  a 
Director  of  the  Company  since  November  1983.  In  1954  Dr.  Leto  di 
Priolo  designed  and  built  the  first  outboard  engine  which  broke 
the  lUU  mile  per  hour  barrier  on  the  water.  Dr.  Leto  di  Priolo 
has  been  a  consultant  to  various  automotive  companies,  including 
Lancia,  Ferrari  and  Fiat.  Between  1953  and  1981,  he  also 
operated  one  of  the  largest  outboard  motor  distribution  companies 
in  Europe,  and  between  1946  and  1982,  he  owned  and  operated  Misal 
S.p.A.,  a  major  European  tool  company.  He  received  his 
Mechanical  Engineering  Degree  from  Polytechnic  Institute,  Milan, 
Italy . 


Mr.  William  P.  McCowan,  Junior  Engineer 

Technical  experience:  Twenty-three  years  of  engine  design  and 
fabrication;  co-designer  of  all  Sone.x  4-stroke  products;  twelve 
years  of  experience  in  engine  instrumentation  and  testing. 

Mr.  Brad  R.  Bopp,  Technician 

Technical  experience:  Six  years  of  engine  development 
experience  with  emphasis  on  exhaust  emissions,  pollutants  and 
alternate  fuels;  Expert  in  exhaust  emission  instrumentation 
selection,  installation  and  repair. 


Relevant  Publications 


Blair,  G.P.,  Johnston,  M.B.;  Unsteady  Flow  Effects  in  Exhaust 
Systems  of  Naturally  Aspirated,  Crankcase  Compression,  Two  Cycle 
Internal  Combustion  Engines,  SAE  680594. 


Blair,  G.P.,  Johnston,  M.B.;  The  Development  of  a  High  Performance 
Motorcycle  Engine,  I  Mech .  E.  1970.71  Volume  185  20/71. 

Johnston,  M.B.;  Exhaust  Port  Shapes  for  Sound  and  Power,  SAE 
730815  . 

Pouring,  A. A.,  Blaser,  R.F.,  Keating,  E.L.,  Rankin,  B.H.;  The 
Influence  of  Combustion  with  Pressure  Exchange  on  the  Performance 
of  Heat  Balanced  I.C.  Engines,  SAE  770120. 

Pouring,  A. A.,  Faiiia,  C.C.,  Rankin,  B.H.,  Keating,  E.L., 
Riddell,  F.;  Parametric  Variations  of  Heat  Balanced  Engine,  Fluid 
Mechanics  of  Combustion  Systems  Symposium,  A.S.M.E.,  June  1981. 


Allen,  J.,  Pouring,  A. A.,  Keating,  E.L.;  Heat  Balanced  I.C. 
Engine  Transition  Studies,  AI AA-82- 1 1 1 6 ,  AI AA/SAE/ ASME  18th  Joint 
Propulsion  Conference,  June  1982. 

Pouring,  A. A.  and  Rankin,  B.H.;  Time  Dependent  Analytical  and 
Optical  Studies  of  Heat  Balanced  Internal  Combustion  Engine  Flow- 
Fields,  AIAA-82-1116,  June  1982. 

Keating,  E.L.,  and  Pouring,  A. A.;  Controlled  Regenerative  Dual 
Cycle  Analysis,  AlAA-85- 1 4 1 3 ,  AIAA/SAE/ ASME/ASEE  21st  Joint 
Propulsion  Conference,  June  1985. 

Pouring,  A. A.,  Keating,  E.L.,  Failla,  C.C.,  Leto  di  Priolo,  C; 
Evidence  for  Chemical -Acoust ic  Interaction  in  I.C.  Engines,  AIAA- 
86-0527,  January  1986. 

Pouring,  A. A.,  Faiiia,  C.C.,  Leto  di  Priolo,  C.,  and  Keating, 
E.L.;  Octane  Insensitivity  of  Supercharged  I.C.  Engines  Using 
Chemical-Acoustic  Charge  Conditioning,  ASME  Automotive  Engine 
Technology  Symposium,  87-ICE-23,  February  1987. 


Pouring,  A. A.,  and  Slee,  R , ;  A  Review  of  Key  Concepts  of 
Resonant-Pulsed  Combustion  in  I.C.  Engines,  11th  International 
Colloquium  on  Dynamics  of  Explosions  and  Reactive  Systems, 
Warsaw,  Poland,  August,  1987. 

Pouring,  A. A.,  Faiiia,  C.C.,  and  Johnston,  M.B.;  Resonant  Pulsed 
Combustion  in  Two  Stoke  I.C.  Engines.  Unmanned  Systems,  Summer 
1987  . 

Pouring,  A. A,  Chemical  Acoustic  Charge  Conditioning  for  Low 
Emission  IC  Engines,  1st  International  Conference  on  Combustion 
Technologies  for  a  Clean  Environment,  Vol.  I,  Vilamoura  (Algarve) 
Portugal,  September  1991. 
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J .  Facilities  and  Capital  Equipment . 


Sonex  holds  a  long  term  lease  on_' approx imately  6000  square  feet 
of  office  and  laboratory  space  in  its  Annapolis  facility.  This 
lease  runs  through  April  1994  and  can  be  extended.  The  laboratory 
section  has  five  large,  modern  test  cells,  each  equipped  with  an 
engine  dynamometer.  One  of  these  test  cells  is  dedicated  to  this 
project . 

A  layout  of  experimental  apparatus,  all  of  which  is  either 
fully  owned  or  controlled  by  Sonex,  for  this  test  cell  is  provided 
in  Figure  J.l.  In  addition  to  the  test  equipment,  Sonex  owns  a 
machine  shop  with  excellent  machining  and  welding  capabilities. 
This  shop  enables  Sonex  to  fabricate  components  required  to 
modify  test  engines  to  the  Sonex  designs. 

The  current  Sonex  Research  test  facilities  meet  all  known 
federal,  Maryland  and  local  government  Laws  and  regulations 
pertaining  to  airborne  emissions,  waterborne  effluents,  external 
radiation  levels,  outdoor  noise,  solid  and  bulk  v,'aste  disposal, 
and  the  handling  and  storage  of  toxic  and  hazardous  materials. 

K .  Consultants 

Dr.  Mervyn  B.  Johnston  wa.s  employed  by  the  company  from  July 
1986  to  February  1991,  as  Project  Engineer,  Two-cycle  engine 
development  programs.  From  1984  to  1986  he  was  Manager  of 
Engineering  Design  at  Chicago  Pneumatic,  a  major  U.S.  air  tool 
manufacturer.  Prior  to  Chicago  Pneumatic  he  was  Director  of 
Engineering  for  the  Roper  Corporation,  a  manufacturer  of  outdoor 
power  equipment  for  both  the  consumer  and  commercial  markets. 
From  1970  to  1977  he  was  Director  of  Research  and  Development  at 
Home L i te ,  a  major  C . S .  chainsaw  manufacturer.  Dr.  Johnston 
received  both  his  Bachelors  and  Ph . D  degrees  from  the  Queen’s 
University  of  Northern  Ireland,  with  a  specialty  in  the 
theoretical  unsteady  gas  dynamics  of  particle  flow  in  internal 
combustion  engines. 


9 


FUEU 


LAYOUT  OF  EXPERIMENTAL  APPARATUS 


APPENDIX  C 


U.S.  Department  of  Defense 
SMALL  BUSINESS  INNOVATION  RESEARCH  (SBIR)  PROGRAM 

PHASE  II  -  FY19yi 
COST  PROPOSAL 


ITEM# 


1 , 

Name  of  offeror: 

Sonex  Research,  Inc. 

3  . 

Home  office  address: 

23  Hudson 

Street 

Annapol i s , 

Maryland 

21401 

3  . 

Research  facility  address:  Same 

4  . 

Proposal  title: 

Kerosene  Base 

Fuels  in 

Smal 1  Ga 

Engines.  Demonstration  of 

5  . 

Topic  number: 

A90-31U 

6  . 

Proposed  cost: 

$487 , 500 

7  . 

Direct  material  cost 

$10 , 000 

8  . 

Material  overhead: 

0 

9  . 

Direct  labor: 

Estimated 

Rate 

Pe  rsonne 1 

hours 

{ rounded ) 

Amount 

Principal  Investigator  343 

S60 

$20 ,409 

Program  Manager 

5  t  0 

49 

27 ,930 

Project  Engineer 

913 

49 

44 , 688 

Junior  Engineer 

1 , 368 

33 

45 , 076 

Technician 

1  .  368 

17 

23 .324 

Totals 

4 , 560 

$161,427 

lU.  Labor  Overhead: 

Totaidirectlaborhours  43k! 

Direct  labor  overhead  rate  $k!  1 . 34 

Total  $96,856 

11.  Special  testing:  Cold  room  facilities  rental 


$Z6 , 350 


APPENDIX  C 


ITEM# 


12. 

Special  equipment: 

Combustion  Analyzer 

$30 , 000 

13  . 

Travel : 

$7 , 500 

14  . 

Consul tants : 

$13 , 200 

1  5  . 

Other  direct  costs: 

Fuel,  supplies,  etc. 

$9 , 500 

16  . 

General  and  Administrative  Expense; 

Total  direct  Labor 

$16  1,  ■i21 

G&A  as  a  pen-entage 

of  direct  labor  67% 

Total 

$108,156 

1  7  . 

Roy a  1 1 ics : 

0 

IH  . 

Fee  or  profit: 

$24 ,611 

19  . 

Total  estimate  cost 

and  profit: 

$487 , 500 

20. 

Signature : 

George  E.  Ponticas 

Chief  Financial  Officer 

Date 

2\  . 

a.  Has  any  executive  agency  of  the  United  States 

Government  performed  any  review  of  your  accounts  or 

records  in  connection  with  any  other  government  prime 
contract  or  subcontract  within  the  past  twelve  months?  NO 

b.  Will  you  require  the  use  of  any  government  property- 
in  the  performance  of  this  proposal?  NO 

c.  Do  you  require  government  contract  financing  to 
perform  this  proposed  contract?  NO 

Progress  payments  are  requested  as  follows: 

$30,000  payable  upon  commencement  for  equipment  purchase 
$35,iyii  payable  monthly  thereafter  for  twelve  months 
$35,196  payable  upon  delivery  of  report 

22.  Type  of  contract  proposed:  Firm  fixed  price 
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